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CHAPTER l 
INTRODUCTION 
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INTRODUCTION 
1-1 The concept of immunity in invertebrate systems. 
When viewed from a functional aspect, the immune 
system of an animal can be regarded as one of a number of 
inbuilt homeostatic mechanisms concerned with the 
prese~vation of the highly ordered structure inherent in 
biological systems. As a homeostatic mechanism, the immune 
system is responsible for the removal of unwanted material 
of both endogenous and exogenous origin. 
1 
In adopting such a broad-based concept of the 
immune system, emphasis is drawn away from the lymphoid 
system and its associated reactivity, and directed towards 
the phagocytic cell. For it is these cells which form the 
operative effectors which are ultimately responsible for the 
removal of unwanted material. In order to function in a 
homeostatic capacity within the environment of a multi-
cellular animal, phagocytic cells must be capable of 
distinguishing between unwanted material and otherwise normal, 
healthy components (Burnet and Fenner, 1949). 
This capacity for differential reactivity is not 
restricted to vertebrate macrophages; it must also be shared 
by invertebrate phagocytic cells (Boyden, 1960, 1963; 
Burnet, 1968). In vertebrate animals, the discriminatory 
activity of macrophages is enhanced (Benacerraf et a l ., 
•1 I 
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1959; Jenkin and Rowley, 1961), if not dependent on humor al. ,, , 
or cytophilic recognition factors (inununoglobulin) 
synthesized by lymphocytes (North, 1968; Nelson, 1969). In 
contrast, the mechanism underlying the differential 
1• 
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reactivity of invertebrate phagocytes is poorly understood. 
These animals lack organized lymphoid tissue (Good and 
Papermaster, 1964) and with it, the ability to produce 
lymphoid-derived recognition factors. 
2 
In the following pages, the principal features of 
invertebrate immune reactivity are reviewed. Emphasis is 
placed on mechanisms which depend on the differential 
recognition of "self" and foreign components, and of the 
manner in which this recognition might be achieved. The 
subject matter is divided into two major sections_; the first 
dealing with cellular, and the second with humeral aspects 
of the invertebrate response to foreign material. Other 
factors, such as the chemical and physical nature of 
secretions and protective mechanisms based on anatomical 
structure are not considered, although they undoubtedly 
contribute to non-specific resistance. Information on these 
aspects of invertebrate immunity may be obtained from reviews 
by Stauber (1961), Feng (1967), Brooks (1969) and Tripp 
(1969). A more detailed account of the following discussion 
has been published elsewhere (Lafferty and Crichton, 1973). 
1-2 Cellular Immunity. 
In general, the cellular responses initiated by the 
introduction of foreign materials into the tissues of 
invertebrates follow similar patterns in members of the various 
invertebrate phyla. The usual response which follows the 
recognition of foreign material, is an attempt by the animal's 
phagocytic cells to ingest the foreign substance. The 
ensuing response is largely dependent on the size of the 
particle concerned. Colloidal materials and small particles 
3 
such as carbon and bacteria may be ingested by phagocytic 
cells. Larger particles, such as implanted tissues or para-
sites too large to be ingested, may be encapsulated. In the 
latter response, numerous layers of haemocytes form a tight 
capsule surrounding the foreign material, thus effectively 
isolating it from the internal environment. Both these 
reactions are defensive in that they prevent the accumulation 
of foreign material, and both involve some form of specific 
recognition, in the sense that neither is activated by normal 
"self" components. 
Phagocytosis by circulating haemocytes. In those 
invertebrates with a circulatory system, the blood or haemo-
lymph contains free-floating cells which are collectively 
known as haemocytes. These cells often form a heterogeneous 
population consisting of morphologically distinct cell types 
(Jones, 1962). In most species studied, one or more of these 
cell types are highly phagocytic. 
Cameron (1932) studied the response of earthworm 
haemocytes to the injection of India ink, carmine, colloidal 
iron and a number of bacteria. All these materials were 
rapidly phagocytosed, and within 5 minutes, material could be 
seen in the cytoplasm of non-granular haemocytes. By two 
hours, there was marked phagocytosis by all haemocyte types. 
Similar results have been obtained following the injection of 
foreign material into the larvae of insects (Cameron, 1934), 
and a number of molluscan species (Tripp, 1969). In those 
species lacking a circulatory system, such as the coelenter-
ates and sponges, foreign materials are phagocytosed by 
wandering amoeboid cells present in the mesogloea (Phillips, 
., ' 
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1963; Cheng et al., 1968). 
The phagocytic response is not simply a reaction to 
any "non-self" material introduced into the haemolymph. The 
degree of foreignness appears to play an i mportant part in 
determining the outcome of the response. By i ntroducing 
spermatozoa obtained from other earthworms i nto the coelom of 
Lumbr i cus te rres t r i s recipients, Cameron (1932) compared ·the 
response of recipient haemocytes to contact with allogeneic 
and xenogeneic tissues. In xenogeneic transfers, spermatozoa 
were seen in well defined phagocytic vacuoles within the 
cytoplasm of the circulating haemocytes. Although somewhat 
slower than the uptake of bacteria, the phagocytosis of 
xenogeneic sperm was clearly evident by 24 hours. In contrast, 
allogeneic sperm were not attacked by phagocy tes up to 4 days 
after transfer to recipient ani mals. 
A similar differential react i vity on the part of sea 
urchin (S trongylocentrotus purpuratus ) haemocy tes was reported 
by Hilgard and Phillips (1968). In these experiments, 
1 4 C-BSA and 1 C-HSA were each cleared from the coelomic fluid 
. < 
much more rapidly than 14C-labelled-S . purpuratus haemolymph 
proteins. Clearly, materials that are similar to the animal's 
own constituents elicit considerably less v i gorous responses 
than more fore i gn materials. Further evidence in support of 
this propositi on is d i scussed in connection with the response 
to the transplantation of foreign tissue. 
Results reported by Vago and Vasiljevic (1956), and 
by McKay and Jenkin (1970) suggest that the uptake of foreign 
material by phagocytic cells i s a two step process. Following 
the injection of Bacillus spores into the silkworm 
; I 
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(B ombyx mor i ), Vago and Vasiljevic (1956) found little 
evidence of phagocytosis in animals maintained at 4°C. Under 
these conditions, approximately 80 % of the circulating 
haemocytes had spores attached to the i r surface, but only 11% 
contained intracellular spores . When ani mals were held at 
24°C no haemocytes were found with attached spores, whilst 
80% of the haemocytes contained intracellular spores. Similar 
observations were reported by McKay and Jenkin (1970) using 
an ~n vitro system to study the adherence and phagocytosis of 
sheep erythrocytes by crayfish haemocytes. 
It would thus appear that the initial recognition 
step involved binding of foreign material to the cell surface. 
As this step is relatively temperature independent, it might 
be controlled by ionic bonds or van der Waal's forces. The 
subsequent movement of material from the surface to the 
interior of the cell is apparently dependent on metabolic 
energy. The uptake of material by vertebrate macrophages 
also requires a source of metabolic energy (North, 1968). 
Phagocytosis by fixed cells . In addition to the 
circulating haemocytes, many i nvertebrate species possess a 
s y stem of fixed phagocytic cells whose activities are 
complementary to the circulati ng population. The organiza-
tion of fixed phagocytic cells exhibits varying degrees of 
complexity in different species. They may be found widely 
distributed throughout connective tissue and lining blood 
sinuses, grouped to form loose aggregates as in the case of 
insect pericardial cells, or more definitely arranged into 
discrete phagocytic organs which function as true blood 
filters. 
. 
• II I 1" 
' 
. ,,·· 
. ' 
,, , 
•l, 
6 
In a comprehensive study of the distribution of 
phagocytic cells in molluscs, Cuenot (1914) reported that 
most of the species examined possessed a system of widely 
distributed fixed phagocytes. Although generally in contact 
with connective tissue, these cells retained an intimate 
association with the circulatory system. Phagocytic cells 
of this type have also been reported to occur in crayfish 
Paraahaeraps biaarinatus (Reade, 1968), in snails Helix 
pomatia (Reade, 1968), and in the octopus Eledone airrosa 
(Stuart, 1968). 
The pericardial cells of insects have been consid-
ered by some authors to be analogous to the vertebrate 
reticuloendothelial system (Lesperon, 1937; Wigglesworth, 
1970). These cells were originally distinguished by their 
morphological similarity to vertebrate fixed phagocytes, and 
by their ability to concentrate colloidal dyes. Pericardial 
cells may be distributed throughout the body of the insect, 
although they are more frequently grouped in the vicinity of 
the dorsal vessel. Here, they form clusters along the ventral 
surface of the dorsal diaphragm, and around the heart. 
In wax moth larvae, Cameron (1934) found that 
injected colloidal iron and colloidal dyes were rapidly 
sequestered by pericardial cells. Although unable to demon-
strate the uptake of carbon, Cameron (1934) suggested that 
some bacteria may also localize in these cells. Later workers 
however, were unable to confirm Cameron's findings relating 
to the phagocytosis of bacteria by pericardial cells. The 
investigations of Lesperon (1937) and Lison (1942) indicate 
that insect pericardial cells ingest a restricted range of 
~· 
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foreign materials, being unable to take up particles larger 
0 
than 16-20 A. In view of this restricted phagocytic activity, 
it is misleading to suggest that this cell system might be 
analogous to the vertebrate reticuloendothelial system. 
The phagocytic organs found in some gasteropod 
molluscs (Cuenot, 1914) and in orthopteroid insects (Nutting, 
1951), function as true blood filters, and can effectively 
remove foreign material from haemolymph circulating through 
them. In insects, these organs consist of lateral divertic-
ula emanating from the ventral side of the heart in the 
anterior segment of the abdomen . Blood flowing into the 
phagocytic organ percolates through the dorsal wall of the 
organ, which consists of a spongy cellular matrix. This 
cell mass consists of phagocytic reticular cells associated 
with a network of reticular fibres and haemocy tes (Hoffman 
et al. , 1968). 
The fate of phagocytosed material. Following the 
recognition and ingestion of foreign material by phagocytic 
cells, the subsequent fate of the material concerned shows 
considerable variation in different invertebrate species. 
Variation may also depend on the type of particle 
phagocytosed. 
Cameron (1934) described the degeneration of some 
bacteria and foreign cells in cytoplasmic vacuoles of wax 
moth amoebocytes. Similar intracellular degradation of 
labile materials such as vegetative bacteria and erythrocytes, 
has been reported to occur in oyster Crassostrea virginica 
(Tripp, 1958, 1960) and snail Australorbis glab r atus haemo-
cytes (Tripp, 1961). Although the process of digestion has 
I' I 
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not been investigated in detail (Tripp, 1969), it is thought 
to be mediated by hydrolytic enzymes associated with 
"lysosomal" bodies present in the cytoplasm of phagocytic 
cells. Lysosomal enzymes have been demonstrated in both clam 
and sea star haemocytes (Janoff and Hawrylko, 1964) while 
hydrolytic enzymes have also been found in oyster haemocyte 
lysosomes (Eble, 1966). Proteins such as haemoglobin are 
rapidly degraded after ingestion by insect pericardial cells 
(Wigglesworth, 1970). 
Not all ingested organisms are destroyed following 
their uptake by phagocytic cells. In wax moth larvae, phago-
cytosed. Proteus vulgaris continues to multiply intracellularly, 
resulting in disruption of the phagocytic cell within 12-24 
hours (Cameron, 1934). Some fungi· and bacteria may also 
survive and multiply within .molluscan haemocytes (Mackin, 
1951; Michelson, 1961). 
In some species foreign material is removed by the 
migration of labelled cells through epithelial surfaces to 
the exterior. This has been observed in oysters (Stauber, 
1950; Tripp, 1960; Feng, 1965), clams (Reade and Reade, 
1972) and a gasteropod snail (Tripp, 1961) following the 
introduction of a variety of soluble and particulate 
materials. Foreign materials introduced into the mesogloea 
of sponges are eliminated by the migration of labelled cells 
into ex-current canals of the sponge (Cheng et al ., 1968). 
Encapsulation. As mentioned in the introduction 
to this chapter, encapsulation is a cellular response 
directed against foreign bodies too large to be phagocytosed 
by individual cells. Although encapsulation has been most 
,, ' 
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extensively studied in insects, the response is by no means 
confined to this group and has been observed in a number of 
invertebrate phyla (Brooks, 1969; Poinar, 1969; Tripp, 
19 6 9) . 
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The general features of the encapsulation process 
are similar in most animals that have been studied. Misko 
(1968) observed capsule formation following the introduction 
of the parasitic nematode Heterotylenchus into the body 
cavity of Pe r iplaneta americana . Within 15 minutes, haemo-
cytes began collecting around the surface of the parasite, 
and by 9 hours the worm was almost completely enveloped by 
numerous layers of haemocytes. As the capsule formed, the 
innermost cells elongated, and a deposit of melanin 
accumulated at the surface of the parasite. The encapsu-
lated parasite was usually dead 24-48 hours after 
introduction. After prolonged periods, the size of the 
capsule decreased as cells withdrew from its outer portion. 
In the final stages of the reaction, only a thin layer of 
capsular cells surrounded the parasite remnants. 
Encapsulation is carried out exclusively by 
circulating haemocytes (Salt, 1970a), and in some instances, 
cells actively engaged in the phagocytosis of other particles 
have been observed to participate in capsule formation 
(Salt, 1956; Reade, 1968). On the basis of these findings 
it appears likely that the same cell population participates 
in both activities. 
Encapsulation does not always completely isolate 
an implanted parasite; in some cases, a haemocytic response 
is mounted against only part of a parasite's surface 
I o o 
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(Salt, 1955; Bartlett and Ball, 1966). In an attempt to 
find a common denominator amongst the restricted category of 
objects which fail to elicit a cellular reaction in insects, 
Salt (1961) proposed that insect haemocytes react to any 
surface lacking the properties of the one which they them-
selves produce. In order to test this hypothesis, Salt 
(1960) had implanted pieces of nylon thread into cater-
pillars of Diataraxia and Tenebrio . Three to four days 
later, the encapsulated thread was recovered and after 
washing, was reintroduced into other Diataraxia larvae. 
Capsules previously formed in Diataraxia elicited no further 
response in the second host. However, capsules previously 
formed in Tenebri o aroused a strong haemocytic reaction in 
the second host, resulting in secondary encapsulation of 
the already encapsulated thread. 
Further evidence in support of the surface 
recognition hypothesis is discussed under a later heading. 
Transplantation reactions in invertebrates. 
Invertebrate physiologists have long used transplantation 
techniques to study the function of endocrine-producing 
organs, and until recently it was considered that all intact 
tissue grafts were accepted by allogeneic recipients 
(Cushing, 1967; Cooper and Rubilotta, 1969; Burnet, 1969; 
Salt, 1970a). Xenogeneic transplants on the other hand, 
generally incite a host response culminating in graft 
destruction (Tripp, 1961; Ghiradella, 1965; Salt, 1970a; 
Scott, 1971). However, recent and more prolonged analysis 
of transplantation reactions in annelids (Duprat, 1967; 
Cooper, 1969), coelenterates (Theodor, 1970), molluscs 
I 1,1 I 
' 
4 I 
,, 
,, 
I' 
• o I 
I 
. ' I 
. I . 
I ' 
' . 
• 
I , , 
' 
I • 
11 
(Cheng and Galloway, 1970) and echinoderms (Hildemann and 
Dix, 1972) provide unequivocal evidence of the ability of a 
variety of invertebrate species to reject tissue allografts. 
Using the earthworm (Eisenia foetida), Duprat 
(1967) and Cooper and Rubilotta (1969) independently demon-
strated that orthotopic body wall transplants excited a 
haemocytic response in the recipient that brought about a 
chronic rejection process. The striking discovery made by 
Duprat, was that allografts transferred between animals 
originating in different geographical localities, were much 
more vigorously attacked than allografts between individ-
uals of the same locality. The rejection process in these 
"inter-racial" combinations was similar to that seen when 
transplants were made between earthworms belonging to 
different generic groups (Cooper, 1968, 1969). 
Graft rejection in earthworms is accompanied by 
a high degree of specificity. Cooper (1969) transplanted 
tissues from earthworms of two different genera 
(Allolobophora and Eisenia) to the body wall of Lumbricus 
recipients, which had been previously sensitized to Eisenia 
tissues by a prior body wall transplant. These recipients 
rejected the Allolobophora grafts in the normal first set 
manner (mean survival time, 43 days). However, the Eisenia 
transplants were rejected after 15-18 days; first set 
Eisenia grafts have a survival time of 26 days on normal 
Lumbricus recipients. When Lumbricus worms were injected 
with coelomic fluid containing coelomocytes from Lumbricus 
donors previously sehsitized to Eisenia, these recipients 
rejected Eisenia .grafts in an accelerated fashion (Bailey 
et al., 1971). Thus prior sensitization of Lumbricus 
,, ' 
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recipients with Eisenia tissues or with Eisenia-sensitized 
coelomocytes, confers on the recipient the ability to mount 
a specific secondary response to the tissues of the sensit-
izing donor. Whilst this is thought to be primarily a cell 
mediated form of immunity (Cooper, 1968), the use of whole 
coelomic fluid in adoptive transfer experiments (Bailey 
et ai., 1971) does not preclude the involvement of a humeral 
recognition factor. Similar haemocyte infiltration was 
observed in allograft rejection of echinoderm skin (Hildemann 
and Dix, 1972). 
Factors affecting the cellular response. Numerous 
environmental, physiological, ecological and genetic factors 
can play an important role in determining the response of 
invertebrates to foreign materials (Tripp, 1969; Lafferty 
and Crichton, 1973). Whilst a detailed account of these 
factors is beyond the scope of the present discussion, 
consideration of the mechanism employed by some parasites to 
circumvent the host response, provides further insight into 
the way in which host haemocytes recognize foreign material. 
Infestation of the body cavity by metazoan para-
sites is a common occurrence in insects (Salt, 1963, 1970a). 
While so-called alien parasites are generally encapsulated 
(Salt, 1970a), a number of habitual parasites have evolved 
specific mechanisms which allow them to avoid or suppress the 
cellular defence mechanism of their "usual" hosts. Neither 
the eggs (Salt, 1965), nor the first instar larvae (Salt, 
1966) of the parasitoid wasp Nemeritis excite a cellular 
response when introduced into the haemocoele of its usual 
host, the flour moth caterpillar Ephestia. This situation 
is quite specific, since the flour moth rapidly encapsulates 
I,, 
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other foreign materials introduced into its haemocoele, and 
the eggs and larvae of Nemeritis are readily encapsulated if 
introduced into the tissues of an unusual host. This 
protection results from a failure of the host haemocytes to 
recognize the foreign nature of the invading parasite, and 
is associated with the surface structure of the eggs and 
larvae. If the surface is damaged, either by physical 
abrasion or by extraction with lipid solvents, the eggs and 
larvae are rapidly encapsulated. 
In a further analysis of the factors underlying 
this surface protection, Salt (1965) was able to show that 
Nemeritis eggs acquire a protective coating as they pass 
through the calyx of the female wasp. Eggs removed from the 
ovarioles prior to passing through the calyx are encapsulated 
if injected into Ephestia. In contrast, eggs obtained after 
passage through the calyx excite no reaction in their host. 
Nemeritis larvae acquire their protective surface late in 
embryonic development, generally in the period between 62 hours 
of incubation and hatching (68-70 hours incubation). Larvae 
released from eggs prior to 62 hours incubation are encapsu-
lated when reintroduced into Ephestia caterpillars. Later 
stage larvae (66-68 hours incubation) evoke no reaction (Salt, 
1966). Apart from being soluble in lipid solvents, little 
else is known of the properties of the surface materials 
responsible for this protection. Clearly, both represent 
adaptations of Nemeritis which allow the parasite to avoid 
the defence reactions of its usual host, and as a result of 
these adaptations, Ephestia haemocytes are unable to recog-
nize the foreign parasite. 
Invertebrate parasites are known to have evolved 
a variety of mechanism designed to avoid or inhibit the 
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defence reactions of their usual hosts (Salt, 1968, 1970a; 
Streams and Greenberg, 1969). However, many of these 
mechanisms depend on adaptations other than the generation 
of material which the host is unable to recognize, and in 
consequence, provide little or no insight into the mechanism 
underlying the recognition of foreign material. 
Since it is not uncommon for an invertebrate 
animal to be successfully parasitized by several different 
organisms, it is possible that the invertebrates may have a 
recognition mechanism that is functionally similar to that 
of the vertebrates. That is, certain patterns can be 
recognized as foreign and stimulate a haemocytic response, 
whilst other quite discrete patterns are not recognized in 
this way. Amongst the latter group would be those patterns 
presented by normal "self" components. Thus the adaptation 
of a parasite to an invertebrate host (where this adaptation 
involves the selection of a compatible surface) might be 
similar to the manner in which some parasites are thought to 
adapt to their vertebrate host (Sprent, 1969). The adapting 
parasite may have evolved an exterior pattern that is so 
similar to a normal host component that it will not stimulate 
an effective haemocyte response in its specific host. 
1-3 Humoral Immunity. 
Recent interest in comparative immunology has led 
to a considerable expansion in the literature dealing with 
humoral aspects of invertebrate immunity. Information has 
accumulated largely as a result of attempts to induce in 
invertebrate animals, a state of immunity comparable with 
that elicited in vertebrates. Both naturally occurring and 
induced substances with reactivity similar to vertebrate 
antibody, have been demonstrated in a large number of 
•1 
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species. However, these substances have been shown to be 
either non-protein, or structurally dissimilar to vertebrate 
immunoglobulin. There is little evidence to suggest that 
they form part of a generalized immune mechanism contributing 
to natural resistance or defence. Detailed consideration of 
humeral aspects of invertebrate immunity may be found in 
reviews by Stephens (1964), Briggs (1964), Brooks (1969) and 
Tripp (1969). The following discussion is restricted to 
those responses seemingly triggered by the prior recognition 
of foreign material in the tissues. 
Induced humeral factors. Induced humeral responses 
following the introduction of bacterial products or other 
agents, have been reported in a variety of invertebrate 
species. Haemolymph from the sipunculid worm Sipunaulu s 
nudus experimentally infected with the marine ciliate 
Anophrys magii (Bang, 1966), and from male cockroaches 
infected with Tetrahymena pyriformis (Seaman and Robert, 
1968), was found to contain a factor which would rapidly 
immobilize the respective ciliates in vitro. Similar 
immobilizing activity directed against the miracidia of 
Sahisto soma mansoni, was obtained in tissue extracts of 
sna1ls infected with the mature schistosomes, or injected 
withs. mansoni eggs (Michelson, 1963, 1964). 
Although none of these responses has been investi-
gated in detail, the available evidence indicates that any 
similarity with a vertebrate immune response is probably 
superficial. In most cases, these responses have proved to 
be relatively non-specific. Michelson (1963) reported 
miracidia-immobilizing activity in extracts from snails 
infected with a nematode unrelated to the test organism, 
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while Bang (1966) demonstrate d that haemolymph f rom Sipunculus 
injected with a marine bacterium would also immobilize 
Anophr ys . In addition, both authors prov ide evidence which 
indicates that the factor or f actors elaborated are not 
entirely specific in the i r activity . Th e speci f icity of 
the cockroach response to T . pyriformis was not investi-
gated (Seaman and Robert, 1968). 
Induced bactericidal activity following the 
injection of bacterial vaccines, has been found in a number 
of invertebrate species (Briggs, 1958; Stephens, 1962; 
Gingrich, 1964; Acton et al ., 1969a), and despite reports 
to the contrary (Cooper et al ., 1969; Weinheimer et al ., 
1969; McKay and Jenkin, 1969), there is sufficient evidence 
to suggest that this type of response may occur widely, 
although not universally, in invertebrates. In most instances, 
both the inducing stimulus and the factors elaborated have 
been shown to be rlon-specific. However, Stephens (1959, 1962) 
was able to demonstrate a state of protective immunity in wax 
moth larvae (Galler ia mellonella ), which resulted from the 
production of a bactericidal factor specific for the 
immunizing organism. 
Wax moth larvae vaccinated with heat-killed or 
f ormalized Ps e udomonas ae r uginos a, were able to withstand 
challenge doses of from 10 - 100 LD 50 of the virulent 
organism. Resistance developed rapidly to reach a maximum 
16-24 hours after vaccination, but was relatively short 
lived, having disappeared by 72 hours. Haemolymph from 
resistant larvae was found to possess bactericidal activity 
against the immunizing organism, and changes in this activity 
I ., 
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were closely correlated with changes in the resistance of 
larvae to challenge (Stephens, 1962). Protection could be 
passively transferred to normal larvae by means of haemolymph 
obtained from immune animals. The bactericidal factor was 
shown to be heat stable, dialysable, unaffected by trypsin, 
and of relatively low molecular weight (Stephens and 
Marshall, 1962). The activity of this induced bactericidal 
factor is specifically directed against the immunizing 
strain of P. ae ruginosa , as haemolymph bactericidal for one 
strain (Pll-1) was almost inactive against a related strain 
(L.S.H.T.M.). In addition, the titre of bactericidal 
activity against SaZmoneZZa dysenteriae (for which normal 
haemolymph has a natural activity), was not increased 
following vaccination with P . aeruginosa (Stephens, 1962). 
Although wax moth larvae can respond specifically 
following vaccination with P . aeruginosa, further studies 
by Chadwick (1967) have shown that similar responses could 
not be induced with other bacterial species. Thus the 
specific response to P. aeruginosa is perhaps atypical, and 
not an example of a general immune mechanism triggered by 
the recognition of foreign organisms within the tissues. 
Opsonic factors in invertebrate haemolymph. One 
important property of vertebrate antibody is its opsonic 
activity; its ability to combine with foreign particles and 
facilitate their uptake by phagocytic cells (Nelson, 1969). 
Recent experiments have now shown that invertebrate phago-
cytic activity may also be modulated by humeral opsonins. 
Tripp (1966) reported enhanced phagocytosis of rabbit 
erythrocytes when erythrocytes suspended in dilute haemolymph 
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were added to oyster ( Crassostrea v i rgini ca) haemocyte 
cultures in vitro. Similar results were obtained by Stuart 
(1968), who studied the phagocytosis of human red cells by 
octopus (Eledone cirrosa) haemocytes; red cells were phago-
cytosed when added to haemocytes suspended in haemolymph, 
or when cells previously incubated in haemolymph, were 
washed, and added to haemocyte cultures in haemolymph-free 
medium. No attempt was made to investigate the specificity 
of the opsonic factor in oyster haemolymph (Tripp, 1966), 
while indirect evidence led Stuart (1968) to suggest that 
octopus haemolymph contained a single polyvalent opsonin 
with a broad spectrum of affinities for a variety of foreign 
particles. 
The phagocytosis of formalized yeast or formalized 
sheep erythrocytes by cultures of haemocytes from the snail 
(Hel i x aspersa), was also shown to depend on a factor present 
in normal haemolymph (Prowse and Tait, 1969). This factor 
could be absorbed from haemolymph by the homologous, but 
not by the heterologous cell, indicating that the opsonic 
activity was specific for at least the two particles tested. 
The chemical structure of the material responsible has not 
been investigated. 
In studying the phagocytic activity of Crayfish 
haemocytes, McKay and Jenkin (1970) reported that prior 
sensitization of sheep or human erythrocytes with haemolymph, 
greatly enhanced their ~n vitro uptake by haemocytes. 
Crayfish haemolymph contains natural agglutinins for 
erythrocytes of both species, and these show some specificity. 
Absorption of haemolymph with either type of red cell removes 
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the agglutinin for the homologous cell, and causes a reduction 
in titre for the heterologous erythrocyte . When absorbed 
haemolymph was used to sensitize erythrocytes, the specificity 
of the opsonin was found to parallel that of the agglutinin, 
and McKay and Jenkin (1970) suggest that the same molecule 
may be responsible for both activities. 
Natural agglutinins showing varying degrees of 
specificity for bacteria, vertebrate erythrocytes and other 
heterologous cells, have been demonstrated in the body fluids 
of a large number of invertebrate species (Brown e t a l ., 
1968; Tripp, 1969). Re,cent reports on the isolation and 
characterization of haemagglutinins from the horseshoe crab 
(Marchelonis and Edelman, 1968), the. murray mussel (Jenkin 
and Rowley, 1970), the oyster (Acton et a l ., 1969b), the 
snail (Hammarstrom and Kabat, 1969), and the California sea 
hare (Pauley et a l ., 1971) indicate that the material respon-
sible is protein. If these proteins also function as 
opsonins, it is conceivable that a recognition mechanism 
based on specific opsonins may be widespread amongst the 
invertebrates. 
1-4 Summary and Perspective. 
The foregoing review has attempted to focus 
attention on those aspects of the invertebrate immune system 
which depend on the recognition of foreign material, and of 
the manner in which this might be achieved. The immune 
system of invertebrates depends primarily on the activity of 
phagocytic cells, and in those species with a circulatory 
system, some or all of the "blood" cells or haemocytes are 
phagocytic. This system may be complemented by the presence 
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of fixed phagocytic cells, whose organization may show con-
siderable variation in different invertebrate groups. 
When present, fixed phagocytes may be diffusely scattered 
throughout the connective tissue of the animal, or collected 
into well defined phagocytic organs designed to filter the 
animal's haemolymph. 
Phagocytic cells recognize and ingest foreign 
materials. Ingested material may be digested intracellularly, 
or in some instances, transported within cells to the 
exterior. In situations where the foreign material is too 
large to be ingested, haemocytes collect around the particle 
forming a tight capsule. This capsule effectively isolates 
the foreign body from host tissues, and in the case of 
met"azoan parasites, usually results in the death of the 
encapsulated organism. 
There is no evidence that invertebrate animals 
produce humoral factors similar to vertebrate antibodies, 
and humoral responses induced in a number of invertebrate 
species following the introduction of bacteria or other 
parasitic organisms, usually lack specificity. One well-
known example of a specific and adaptive humoral response 
following vaccination with a particular bacterium, appears 
to be an isolated phenomenon. 
Humoral opsonic factors may be important in the 
immune recognition process of invertebrates. However, 
regardless of whether recognition is mediated by soluble 
opsonins, or by receptors in the surface of phagocytic cells, 
it is not yet known how this recognition operates. Salt 
(1961, 1970a, 1970b) has suggested that insect haemocytes 
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recognize only the connective tissue lining the haemocoele, 
and are unresponsive to contact with thi s or closely related 
surfaces. According to this hypothesis, the haemocytes react 
to any surface which lacks the properties of the surface 
which they themselves produce, and foreign materials are 
recognized because they are not similar to "self" components. 
However, a recognition system of this type, because of its 
inherent "on/off" nature, would not allow graded responses, 
and when recognized, foreign materials would elicit a 
response of the same intensity regardless of whether the 
material concerned was slightly foreign, or very foreign. 
There could be no degree of discrimination. The results of 
transplantation studies indicate that graded responses are 
observed in invertebrate systems. In both the insects 
(Salt, 1961, 1970a) and annelids (Cameron, 1932; Duprat, 
1967; Cooper, 1970) it appears that the tissues of related 
species and genera excite the haemocytes of the host to a 
lesser extent than those of unrelated species. 
For the immune system to show graded responses, it 
is more likely that the recognition of foreign patterns is 
a positive process, and that unresponsiveness to "self" 
components results from discrete gaps in this recognition 
spectrum. A parasite could then adapt to its invertebrate 
host by assuming a surface pattern similar to one of the 
"self" gaps in the recognition system. In this way several 
parasites with different surfaces could lead an unmolested 
existence in the one host. 
In an attempt to gain further insight into the 
mechanism underlying the recognition of foreign material in 
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invertebrates, an exami nation of the differential behaviour 
of chiton (Liolophura gaimardi) phagocytes was commenced. 
This species was chosen because it was relatively large and 
easily maintained i n labor a t ory aquaria, and because haemo-
lymph containing large numbers of haemocy tes was readily 
obtained. The haemolymph ne i ther clots nor melanizes on 
wi thdrawal from the ani mal, and the haemocytes appeared to 
form a s i ngle homogeneous p opulat i on of cells. 
' ., 
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MATERIALS AND METHODS 
Experimental Animals 
Chitons (Liolophura gaimardi ) were collected from 
the intertidal zone, Magneti c Island, Queensland and air-
freighted to Canberra. Identification was confirmed by 
Mr W. F. Ponder, Curator of Molluscs, the Australian Museum, 
Sydney. A typical specimen is illustrated in dorsal and 
ventral aspect in Fig. 2-1. Specimens weighing between 10 
and 50 grams were employed during the course of the work 
outlined in this thesis. 
Chitons were maintained in fifteen 5 litre glass 
aquarium tanks (max. 5 specimens per tank) at room tempera-
ture (Fig. 2-2A). Each aquarium was provided with continuous 
aeration and charcoal filtration, while algae growing on 
rocks (2-3 per tank), and on the walls of aquaria provided a 
continuous food supply. As an additional stimulus to algal 
growth, "Gro-Lux" fluorescent lamps (Sylvania, Quebec, 
Canada) were situated adjacent to each aquarium. These were 
maintained on a 12 hour ON (7 a.m. to 7 p.m. daily)/OFF cycle 
by means of an automatic time clock. 
Artificial sea water (Instant Ocean, Aquarium 
Systems Inc., Ohio, U.S.A.) was used throughout, and changed 
at 14 day intervals. Excess algal growth was removed at the 
same time. Charcoal filters were recharged as necessary. 
Physiological solutions and buffers 
Wherever possible, analytical grade reagents were 
used in the preparation of buffers and solutions. 
Filtered Sea Water (FSW): Sea water used as a diluent in 
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Fig. 2-1 
Fig. 2-lA, B. The chiton Liolophura gaimardi in dorsal 
(A) and ventral (B) aspect. (An anterior; F foot; 
G gills; H head; M mantle; Pg pallial groove). 
Magnification: x 2 
An 
B 
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Fig. 2-2 
Fig. 2-2A. Sea water aquaria in which Liolophura 
gaimardi was maintained. 
Fig. 2-2B. Method used for obtaining serial haemolymph 
samples from the visceral sinus of Liolophura gaimardi. 
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Coulter Counter analyses of haemocytes was cleared of large 
particles by passage through a 1.2 µ filter (Millipore, 
U.S.A.). 
Isotonic Saline: A sterile solution of 3.05% sodium chloride 
in distilled water. This was isotonic with sea water and with 
normal LioZophura haemolymph. 
Balanced salt solution (BSS): BSS for short-term haemocyte 
cultures was prepared according to the method of Tripp et aZ., 
1966. It contained the following ingredients (with concentra-
tions expressed as grams per litre). 
NaCl 
KCl 
CaCl2 (anh) 
MgCl 2 (anh) 
MgS0 4 (anh) 
23.50 
0.67 
1.10 
2.03 
2.94 
Glucose 
Trehalose 
Phenol red 
0.02 
0.19 
0.50 
0.50 
0.05 
This solution was sterilized by filtration 
(Millipore, U.S.A. HA 0.45 micron) and stored at 4°C. 
Tris HCl, pH 7.5: This buffer was prepared by adjusting a 
solution containing 0.05 M Tris (Sigma 7-9, primary standard), 
0.1 M NaCl and 0.01 M CaC1 2 (BDH Volumetric solution) to 
pH 7.5 with lM HCl. 
Carbonate buffer, pH 9.5, 0.5 M: This was prepared according 
to the method of Goldman (1968), without modification. 
Phosphate buffer, 0.1 M: Solutions containing 0.1 M Na2HP01; 
(anh) and 0.1 M KH 2P0 4 (anh) were prepared. These were then 
mixed until the desired pH was obtained. 
Miscellaneous Solutions 
Saline: A sterile solution of 0.9% sodium chloride in 
distilled water. 
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Trichloroacetic acid (TCA): TCA was dissolved in distilled 
water at a concentration of 8.2% (w/v). This was stored at 
4° c. 
Ammonia solution, 3M: This was prepared by diluting a 
saturated anunonia solution with saline. 
Leishman's stain: Leishman's stain was dissolved in methanol 
at a concentration of 0.15 g/100 ml. This was left to stand 
at least 24 hours before use. 
Collection of haemolymph 
Liolophura haemolymph: Depending on the requirement, haemo-
lymph was obtained by either of 2 methods. 
A. By making an incision in the foot at the time 
of sacrifice, and collecting the ensuing haemo-
lymph with a pasteur pipette. 
B. By "bleeding" from the visceral sinus, using 
a 1.0 ml syringe and 25 gauge needle. For this 
technique, animals were inverted and the needle 
was inserted dorsal, and slightly lateral to the 
anal papilla (Fig. 2-2B). Haemolymph was 
inunediately chilled in an ice bath, and the haemo-
cytes were removed by centrifugation (approx. 
1000g for 10-15 minutes). 
Other invertebrate haemolymph: In addition to Liolophura , 
haemolymph was also obtained from a number of other inverte-
brate species (Table 2-1). 
Each of these species was collected at low tide 
from the rock platform at the northern end of Broulee beach, 
N.s.w. The 2 chiton species were identified by Mr W. F. 
Ponder at the Australian Museum, Sydney. Identification of 
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Table 2- 1 
Species other than LioZophura from which h aemolymph was 
obtained. 
Common Name Scienti fic Name 
Chi ton PoneropZax aZbida 
Chiton Ischnoradsia austraZis 
Black elephant snai l Scutus antipodes 
Turban shell Nine ZZa torquata 
Sea Urchi n He Ziocidari s e r yth r ogramma 
the remaining species was based on Dakin (1969). 
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Haemolymph from PoneropZax , Ischno r ads ia and 
Scutus was obtained by foot i ncis i on . Haemolymph from 
NineZZa was obtai ned by foot inci sion, after first breaking 
the shell and carefully removing the intact animal. 
Haernolymph from HeZiocidaris was obtained by cutting a hole 
in the test, and drai n i ng the fluid content into a beaker. 
In all instances, cells and other debris were removed by 
centrifugation (1000g for 10 minutes). The cell-free haemo-
lymph was stored at -20 ° C when not requi red. 
Collection and characterization of haemocytes 
LioZoph.ura haemolymph was collected by either of 
the methods described above, and immediately chilled in an 
i ce bath to prevent clumping of haemocytes. 
Haemocyte size distri bution studies were undertaken 
with a model B Coulter Counter (Coulter Electronics Ltd, 
U.S.A.). The instrument was first calibrat~p using particles 
of known size (ragweed pollen) suspended in FSW at 0°C. 
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Freshly drawn haemolymph samples were diluted (approx. 1 in 
600) in FSW at 0 °C, and counts were made in windows of 5 
threshold units (over the range 5-100 units) at various 
aperture and current settings. 
To record haemocyte counts, haemolymph was diluted 
one in 500 in FSW at 0 ° C, and all particles whose volume 
exceeded 110 cubic microns were counted. This figure was 
based on size distribution studies of several haemocyte 
populations. The mean value of 4 replicate counts, 
corrected for coincidence when necessary, was used to deter-
mine the total cell count. 
For studies of the morphology and phagocytic 
activity of haemocytes, haemolymph was diluted in BSS at 
0°C. Approximately 10 6 cells in 1 ml of medium were then 
sealed in perspex-coverslip chambers (Boyden, 1964) and 
allowed to settle at 4° C. After 30 minutes, the chambers 
were returned to room temperature. As the temperature rose, 
haemocytes became active, spreading over, and attaching to the 
lower coverslip. This process was monitored under phase 
contrast, using a 40x objective. When spreading was complete, 
the lower coverslip was removed and lightly rinsed in BSS. 
Coverslips were finally rinsed in 5% BSA in BSS, and air 
dried. After staining with Leishman's stain, they were 
mounted in Depex. 
In phagocytic studies, haemocyte spreads were 
examined under oil-immersion for the presence of ingested 
material. Cells containing label were scored as lightly 
(L), moderately (M) or heavily (H) labelled, if they 
contained less than 5, between 5 and 10, or greater than 10 
I •,, 
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labelled vacuoles or particles per cell, respectively. 
Injection of foreign materials 
All injected materials were introduced through the 
foot into the visceral sinus (see Fig. 3-lA), using dispos-
able 1.0 ml syringes and 30 gauge needles. The following 
materials were employed. 
Colloidal gold: A stock solution of colloidal gold 
(containing 5.0 mg/ml) prepared by the method of Roser (1968), 
was generously provided by Dr B. J. Roser, Department of 
Pathology, University of Sydney, N.S.W. This was injected 
(0.03 to 0.5 mg per specimen) in a volume of 0.1 ml, after 
appropriate dilution in isotonic saline. The stock solution 
was sterilized by filtration (Millipore, HA 0.45 micron) 
immediately before use. 
Colloidal carbon: Colloidal carbon suspension (Cll/1431 
(a)) containing 100 mg carbon per ml was obtained from 
Gunter Wagner, Pelican, Hanover. This was injected (0.1 -
0.3 ml) after 20 fold dilution in isotonic saline. 
Bacteria: Staphyloaoaaus aureus were grown on nutrient agar 
(Difeo) plates and harvested in isotonic saline after 48 
hours at 37°C. Bacteria were heat-killed by boiling for 15 
minutes, and cell counts were estimated by comparison with 
standard opacity tubes (Burroughs Wellcome & Co., London). 
Inocula ranged from 10 8 to 10 1 0 heat-killed S. aureus per 
specimen in 0.3 or 0.5 ml. 
Rhodamine labelled proteins: BSA (Fraction V, Armour 
Pharmaceutical Co. Ltd,) was dissolved in saline at a con-
centration of 60 mg/ml. Liolophura haemolymph protein 
(pooled, cell free haemolymph from several specimens), was 
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concentrated by ultrafiltration to a final protein concen-
tration of 60 mg/ml. BSA and Liolophura haemolymph protein 
(LHP) were then conjugated with rhodamine (rhodamine RB200 -
G. T. Gurr Ltd, London) by the sulphonyl chloride method of 
Goldman (1968). 
At the conclusion of the reaction, both conjugates 
were cleared of unreacted dye by passage through Sephadex G25 
(Column dimensions 36 x 2 ems). Chromatography was performed 
at 4°C using 0.5 M Carbonate pH 9.5 as the elution buffer. 
The purified conjugates were then concentrated by ultra-
filtration to a final protein concentration of approximately 
50 mg/ml. In both preparations 100% of the rhodamine was 
precipitable -by TCA, and in the case of the labelled LHP, 
80% of the rhodamine was precipitated by anti-LHP serum. 
The latter test was carried out in antibody excess. Together, 
these observations indicate that the rhodamine was protein 
bound and that little antigenic alteration of LHP had 
occurred during conjugation and clarification procedures. 
Specimens were injected with 0.4 ml rhodamine 
conjugated LHP (undiluted), or with 0.4 ml rhodamine con-
jugated BSA diluted in saline (1 in 10.5) so that the 
injected rhodamine concentrations of the 2 proteins were 
identical. Rhodamine concentrations were determined by 
absorption at 570 nM. 
Radioiodinated proteins: 
A. 125 I-labelled homospecific protein. 
LHP, and in later experiments purified Liolophura 
haemocyanin, were labelled with 1 25 I by a modification of 
the chloramine T method of Hunter and Greenwood (1962). 
~· 
10µ1 chloramine T (10 mg/ml) was added to 25 µl of Na 125 I 
(4-5 mCi/ml) and 50 µl protein (5.0 mg/ml) in a disposable 
plastic tube. The contents were thoroughly mixed and 
allowed to stand at room temperature for 5 minutes. 10 µl 
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of sodium metabisulphite (24 mg/ml) was then added, and the 
mixture was diluted to a final volume of 2.0 mls by the 
addition of "cold" protein (1 mg/ml). The mixture was then 
transferred to cellulose tubing and dialysed overnight against 
2 changes of either saline, or Tris HCl pH 7.5 (labelled 
haemocyanin) at 4°c. 
The iodinated protein was then transferred to a 
vial and stored at 4°C for periods up to 14 days. Proteins 
labelled in this way had specific activities ranging from 
1-5 µCi/mg. 
B. 131 I -labelled heterospecific proteins. 
A variety of single proteins, together with a 
number of protein mixtures (see Text) were iodinated with 
Na 131 I. The method used was exactly as described above, 
except that Na 131 I with a specific activity of 2-5 mCi/ml 
was used in place of Na 12 5 I. 
Inocula: Methods for preparing inocula containing both 
125 I- and 131I-labelled proteins, and for simultaneously 
monitoring their in vivo behaviour, are outlined in detail 
in Chapter 6. 
Radioactive Isotopes 
Iodine-125: Sodium iodide- 125 I (Code IMS-30) was purchased 
from "The Radiochemical Centre" , Amersham, England. It was 
diluted in 0.01 N NaOH to a specific activity of 5 mCi/ml 
before use. 
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Iodine-131: Sodium iodide- 131 1 (Code 11 Bl) was obtained from 
the Australian Atomic Energy Commission, Lucas Heights, Sydney. 
This was also diluted in 0.01 N NaOH to a specific activity of 
5 mCi/ml before use. 
Clearance of labelled proteins from the haemolymph 
Rhodamine labelled proteins: Haemolymph samples obtained at 
various times following the injection of rhodarnine-labelled 
BSA, or rhodamine-labelled LHP, were assayed for the presence 
of fluorescent material. Cell free haemolymph samples were 
introduced into a haemocytometer chamber and excited with the 
epi-illuminescent fluorescence source (see page 34), under 
40x objective. For each sample, including a haemolymph 
blank, the exposure time of several fields was measured using 
a stopwatch and the Leitz "orthomat" as a light meter. All 
measur~ments were made in a darkened room to eliminate 
extraneous background light, and filters were carefully chosen 
to reduce background autofluorescence and reflected blue light 
to a minimum. 
From the figures obtained, the quantity of residual 
fluorescent material in each sample was determined by refer-
ences to a standard curve relating exposure time with known 
dilutions of rhodamine conjugated protein. 
Radioiodinated proteins: Techniques for monitoring the 
clearance of radioiodinated proteins are described in detail 
in Chapter 6. 
Preparation of Tissues for Light Microscopy 
Fixation: Tissues were fixed in Formol-calcium for marine 
invertebrates (Pantin, 1959). This fixative contained the 
following ingredients: 
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Formalin (40% HCHO) 
10% CaC1 2 (anh) 
Distilled water 
10 ml 
40 ml 
50 ml 
Powdered CaC0 3 in slight excess 
Whole animals were preserved by the injection of 
(0.5 ml), and subsequent immersion in fixative. In later 
experiments the foot and gills were removed together by 
cutting the lateropedal muscles between the gills and 
mantle (see Fig. 3-lA). The excised tissues were then cut 
into transverse slithers approx. 0.5 ems thick prior to 
fixation. Fixation was for a minimum of 48 hours. 
Decalcification: After fixation, whole animals were 
decalcified (3-5 days) in formic acid. This contained: 
Sodium citrate 10.6 gms 
Distilled water 80 mls 
100% formic acid 25 mls 
Formalin (40% HCHO) 5 mls 
Embedding in glycol methacrylate: Excised foot and gill 
tissues were embedded in glycol methacrylate, according to 
the method of Ruddell (1967a, b). 
Preparation of stock solutions: 
Stock solution A 
glycol methacrylate 
2-butoxyethanol 
benzoyl peroxide 
80 ml 
16 ml 
0.27 gm 
These were mixed and left at 37°C for approx. 2 
hours until the benzoyl peroxide had dissolved. 
Stock solution B 
Polyethylene glycol 
N, N'-diethylalanine 
15 ml 
1 ml 
32 
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Embedding medium 
?tock solution A 
Stock solution B 
21 ml 
0.5 ml 
33 
Both stock solutions were stored a t 4 ° C, and warmed 
to room temperature when required. The embeddi ng medium was 
prepared directly before use. 
Dehydration: Tissues were dehydrated for half an hour i n 
successive changes of 30% acetone (in distilled water), 50 % 
acetone, 70% acetone, 90% acetone and finally for a mi n imum 
of 1~ hours (3 changes) in dry acetone (acetone whi ch had 
been stored over anhydrous copper sulphate). 
Infiltration and embedding: Dehydrated tissues were i nfil-
trated overnight in 2 changes of stock solution A. Th i s was 
done in open specimen jars to prevent polymeri zat i on of the 
glycol methacrylate. 
Tissues were then embedded in polyethylene "sn ap-
on" caps. After filling the cap with embeddi ng medium, a 
small p i ece of polyester plastic was placed over the top, 
care being taken to avoid trapped air bubbles. The plastic 
was held in place by a piece of glass with a small we i gh t on 
top. The covered caps were left at room temperature overnight 
to allow polymerization of the embedding medium. 
Sectioning and staining: Glycol methacrylate blocks were 
sectioned on a microtome at 2µ. Tissues were stained by the 
Azure II/methylene blue method of Richardson e t a l ., (1960 ) , 
and mounted in Depex. 
Variations in technique: Decalcified whole animals were 
embedded in paraffin, and sectioned at Sµ . Both longitudinal 
and transverse sections from various levels throughout the 
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body were stained with haemotoxylin and eosin. Tissues from 
animals injected with bacteria were stained by the method of 
Brown and Brenn (1931). 
Tissues from animals injected with rhodamine-
conjugated proteins were embedded in paraffin and sectioned 
at 5µ. Sections were then mounted in Apathy's medium (Lillie 
and Ashburn, 1943) without staining. These tissues were 
examined with a Leitz microscope equipped for epi-illuminescent 
fluorescent microscopy, using an HB 200 mercury vapour lamp 
as light source. 
Preparation of tissues for electron microscopy 
Fixation: Tissues were fixed in glutaraldehyde-formalin 
(Fahrenbach, 1970). This contained: 
1% glutaraldehyde 
3.5 % formalin 
3% NaCl 
3.5% sucrose, in 0.1 M phosphate 
buffer, pH 7.5 
Excised tissues were minced, and allowed to stand 
in fixative for 1 hour at room temperature. They were then 
washed in 8% sucrose in phosphate buffer, and post-fixed for 
1 hour in 2% osmium tetroxide (in phosphate buffer). 
Haemocytes were harvested from the haemolymph by 
centrifugation (1000g for 10 mins), and suspended in fixative 
for 30 minutes at room temperature. They were then washed and 
post-fixed as described above. 
Dehydration and embedding: All preparations were dehydrated 
in acetone (as described for glycol methacrylate embedding). 
Dehydrated tissues were then infiltrated at room temperature 
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for successive half hour changes of ascending Durcupan-acetone 
mixtures (1:4, 2:3, 3:2, 4:1) followed by 2 changes (2 hours 
each) of undiluted Durcupan at 37°C. Tissues were then embedded 
in Durcupan. 
Sectioning: Thick sections (1µ) of gill and foot tissue were 
dried onto glass slides and stained by the method of Richardson 
et al. , (1960). These provided orientation at the level of 
the light microscope. 
Thin sections of foot and gill tissue, together with 
haemocyte pellets, were cut on a Reichart OMU-2 ultramicrotome, 
and mounted on uncoated 300 or 400 mesh copper grids. 
Sections were stained with saturated uranyl acetate, followed 
by lead citrate (Reynolds, 1963) before examination in a 
Philips-200 microscope. 
Variations in technique: The above routine was varied slightly 
to test for the presence of glycogen in haemocytes. Firstly, 
a number of ultrathin sections were compared before and after 
exposure to lead stain alone. Secondly, other haemocyte 
preparations were chilled to 4°C after removal from the animal 
and prior to fixation in glutaraldehyde-formalin. These were 
then exposed (2-4 hours at 37°C) to either: 
1. Undiluted human saliva 
2. 0.5 - 1% hog pancreas amylase (Worthington 
Biochemicals) 
3. 0.1 M phosphate buffer (Coimbra, 1967). 
After thorough washing in 0.1 M phosphate, these specimens 
were post-fixed in osmium, and thereafter processed as 
Previously described. 
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Fractionation of chiton haemolymph on Sepharose 6B 
LioZophura, PoneropZax and Ischnoradsia haemolymph 
were each chromatographed on Sepharose 6B (Pharmacia, Sweden) 
in an attempt to isolate haemocyanin. Approximately 20 mls 
of cell-free haemolymph was dialysed (48 hours) against 3 
changes of Tris-HCl, pH 7.5 at 4°C. The resultant precipitate 
was removed by centrifugation (1500g for 10 minutes) and 
discarded. Each supernatant was divided into 2 portions and 
chromatographed separately on Sepharose 6B (column dimensions 
100 x 3.2 ems) equilibrated in Tris-HCl, pH 7.5 at 4 °C. 
Samples were applied at the bottom of the column, and reverse 
flow (30 mls per hour) was maintained by a peristaltic pump 
(LKB ReCychrom). The column eluent was continuously monitored 
with a UV absorptiometer (LKB Uvicord) and associated recorder. 
Ninety drop (= 6.0 ml) fractions were collected on an auto-
matic fraction collector (LKB UltroRac). The shape of the 
elution profile was more accurately determined by measuring 
the E280 of alternate fractions on a spectrophotometer 
(Hitachi, model 101). Separated fractions were pooled, 
concentrated by ultrafiltration and stored at -20 ° C when not 
required. 
Electrophoretic, Sedimentation and Irnmunodiffusion 
analyses of chiton haemocyanins 
Electrophoresis: Electrophoresis of purified chiton haemo-
cyanins was performed by a modification of the method of 
Fazekas et aZ., (1963), employing 5 x 18 cm cellulose acetate 
strips (Oxoid, London) and Tris-HCl pH 7.5 as buffer. 
Electrophoresis was run for 12 hours at 4 °C, at a potential 
difference of 3.5 volts/cm. At the conclusion of the run, 
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strips were stained in a solution of Coomassie Brilliant Blue 
dissolved in aqueous acetic acid methanol (water:glacial acetic 
acid:methanol in the proportions 5:1:5). Strips were destained 
by soaking in several changes of the same solvent. 
Sedimentation: Sedimentation analyses were performed in a 
Spinco model E analytical ultracentrifuge, using an AnD rotor 
and single sector cells with Kel-F centrepiece. Centrifugation 
was carried out at 30,000 rpm for 32 minutes at 20°C . After 
attaining speed, pictures were taken at 8 minute intervals. 
Prior to centrifugation, samples were dialysed overnight 
against Tris-Hcl pH 7.5 at 4 ° C. 
3. 0 mg/ml. 
The protein concentration was 
The schlieren patterns obtained were measured with 
a 2 coordinate comparator, and the resultant data was used to 
determine the sedimentation coefficients for each peak (e.g. 
see Johnston et al. , 1967). The "crude" sedimentation 
coefficients were then corrected for density and viscosity of 
the buffer, and finally expressed as S , assuming a parti a l 
2 0 ,w 
specifi c volume of 0.74 for haemocyanin (Moore et aZ. , 1968). 
The percentage of each component was determined by 
cutting each peak from a magnified photographi c print, and 
then weighing it. The weight is proport i onal to the area under 
the peak and thus to the concentration of the component i n 
question (Konings et aZ ., 1969). 
Immunodiffusion: Double diffusion in agar was performed by 
the method of Ouchterlony (1953). The supporting medium was 
1% Noble special Agar (Difeo) dissolved in Tris-HCl pH 7.5. 
Immunodiffusion was performed at 4°C. 
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Miscellaneous techniques 
Protein determinations: All protein determinations were made 
by the method of Lowry et al., (1951). Known quantities of BSA 
made up in an appropriate solvent were used as standards. 
Concentration of proteins: Protein solutions were concentrated 
by ultrafiltration, using a stirred pressure cell (Amicon, 
model 52) and DIAFLO membranes (UMIO or PMlO). Ultrafiltration 
was performed at 4°C using dry nitrogen at pressures up to 
50 psi. 
I ' 
Preparation of antisera: Liolophura haemolymph was mixed 1:1 ,, 
with Freund's complete adjuvant (Difeo) and the mixture was 
thoroughly emulsified. Three rabbits were then given sub-
cutaneous injections (1.0 ml) of the emulsified haemolymph. 
At 14 day intervals, each rabbit received a further subcutan-
eous injection of haemolymph (0.5 mls) without adjuvant. 
After 3 such injections, rabbits were bled, and the serum from 
each was pooled, and stored at -20°C. Antisera to BSA, 
I schnoradsia and Poneroplax haemolymph, were also prepared by 
the same method. 
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CHAPTER 3 
THE DISTRIBUTION OF PHAGOCYTIC 
CELLS IN LIOLOPHURA GAIMARDI 
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THE DISTRIBUTION OF PHAGOCYTIC CELLS IN LIO LOPHURA GAIMARDI 
3-1 Introduction. 
Although recent information was available concerning 
the distribution of phagocytes in the Gasteropoda (Tripp, 
1961; Reade, 1968), Pelecypoda (Tripp, 1958, 1960; Feng, 
1965, 1966) and Cephalopoda (Stuart, 1968), published acco unts 
dealing with the distribution of phagocytic cells in the 
Amphineura (chitons) are restricted to a single species 
Acanthochites di screpans (Cuenot, 1914) . Based on observations 
made 9 days after the injection of India ink, Cuenot (1914) 
reported large numbers of fixed phagocytic cells lining 
branches of the visceral artery . This vessel, which ramifies 
throughout the gut and digestive gland, supplies haemolymph 
from the head sinus to the visceral sinus (Hyman , 1967). In 
addition to these cells, Cuenot (1914 ) also observed fixed 
phagocytes in the gills, and in the interrenal connective 
tissue. 
With this old and limited background information, 
it was necessary to repeat and extend the experiments of 
Cuenot i n order to establish the existence and location of 
phagocytic cells in Liolophura gaimardi . With this in view , 
several preliminary experiments were undertaken; these had 
three main aims. Firstly, to establish suitable markers for 
delineating Liolophura phagocytes in vivo. Secondly, to 
establish suitable doses of the selected marker materials. 
Thirdly, to establish appropriate time intervals from 
injection to sample. As a result of these experiments, 
colloidal gold, carbon, heat-killed S , aureus and rhodamine-
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labelled BSA were each found to be taken up by phagocytic 
cells i n vivo, and 24 hours after injection, labelled phago-
cytes were observed in all soft tissues of the chiton . These 
were however, more noticeably abundant in highly vascularized 
connective tissues. 
Based on these preliminary findings, two tissues 
rich in phagocytes (the gills and the foot) were chosen for a 
detailed examination of the cells concerned. Parallel 
studies included observations with both the light and electr o n 
micros cope . 
To avoid confusion in the subsequent presentat i on , 
t he results of these investigations are reported separately. 
Those based on observations with the light microscope are 
included in the present chapter, whilst those based on 
electron microscope studies are reported in the following 
chapter. 
3-2 Preliminary Observations. 
A number of foreign markers were employed in an 
attempt to delineate Lio lophura phagocytic cells in vivo . 
These materials included colloidal gold, carbon, heat-killed 
bacteria (S. aureus, E. coli , B. sub t ilus), formalized yeas t 
cells, formalized chicken erythrocytes, trypan blue, lithium 
carmine and rhodamine-labelled BSA. Several of these agent s 
were found to be unsuitable as phagocytic markers, either 
because they were toxic (E. coli, B. sub t i lus, lithium carmine), 
or because they were difficult to subsequently identify in 
histological section (formalized yeast, formalized erythrocytes). 
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markers. 
In order to establish suitable conditions for 
labelling phagocytic cells, several groups of small specimens 
(10-12 gms) were injected with colloidal gold (0.03 to 0.5 mg 
per specimen), carbon (1 to 3 mg per specimen), s. aureus 
(10 8 to 10 1 0 heat-killed organisms per specimen ) , or rhodamine-
labelled BSA (1 and 10 mg per specimen). At intervals ranging 
from 1 hour to 8 days post-injection, animals were sacrificed 
and processed for histological examination. 
Inspection of this material resulted in a number of 
findings. These are listed below. 
1. Doses of colloidal gold within the range 0.1 to 
0.3 mg per specimen were the most satisfactory. With doses 
below 0 .1 mg, only a few weakly labelled cells were seen and 
these were difficult to identify. Above 0.3 mg the inocula 
proved to be toxic, causing the death of injected animals . 
With carbon doses greater than 2 mg per specimen, accumulations 
of label tended to obscure cytological detail. As a result, 
it was difficult to confirm the intracellular location of 
carbon. With doses below 5 x 10 8 , S . aureus was difficult to 
identify in tissue section, while doses above 5 x 10 9 were 
incompletely phagocytosed. Labelled phagocytes were observed 
in chitons injected with both doses of rhodamine-labelled BSA. 
2. The uptake of colloidal gold and carbon was 
rapid, being evident at the first point of sample (1 hour post-
injection). No differences were observed between animals 
sampled at 24 hours and 8 days post-injection. At 24 hours 
post-injection, unphagocytosed bacteria were observed in 
animals injected with 5 x 10 9 s . aureus. 
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3. Phagocytic cells were not confined to any one 
particular region (i.e. there was no evidence of a "phagocyti c 
organ"), but were widely distributed throughout the soft 
tissues of the chiton. Although predominantly associated 
with connective tissue in and around all organs, phagocytic 
cells were particularly abundant in highly vascularized areas. 
4. Two apparently distinct cell populations were 
found to have accumulated the injected labels. These two 
populations (recognized as fixed and circulating phagocytes ) 
were distinguished on the basis of their differing 
associations with other tissues. Fixed phagocytes appeared 
extensively flattened, and formed an intimate association 
with connective tissue. Circulating phagocytes on the other 
hand, were rounded and compact. As these were mainly 
identified in tissue spaces, they were thought to be 
associated with the haemolymph. Haemolymph samples from 
injected animals were also found to contain labelled cells . 
As a result of these observations, two tissues 
noticeably rich in phagocytic cells (the gills and foot) 
were chosen for a detailed examination of the cells 
concerned. A number of animals were each injected with either 
colloidal gold (0.25 mg per specimen), carbon (2.0 mg per 
specimen), heat killed S. aureus (3 x 10 8 , 3 x 10 9 and 
5 x 10 9 cells per specimen), or rhodamine-labelled BSA 
(5 mg per specimen), and the gills and foot were dissected 
out 24 hours later. In addition to the histological study, 
haemocyte samples were obtained from each specimen at the 
time of sacrifice, and subsequently examined for the 
Presence of labelled cells. This was considered necessary 
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as circulating phagocytes were difficult to identify ~n vivo . 
The results of these studies are presented in the 
following sections. Each section includes a brief description 
of the structure of the tissue concerned, based on observations 
of normal (uninjected) chitons. 
3-3 Phagocytic cells in the gills. 
Medium-sized (20-30 gm) specimens of Liolophura 
possess at least 60 pairs of gills suspended from the roof of 
the pallial groove, separating the foot and mantle (Fig. 
3-lA) . Individually, each gill consists of a series of flat 
alternating lamellae attached to a central axis containing 
afferent and efferent branchial sinuses (Hyman, 1967). The 
lamellae gradually decrease in size towards the free end of 
the gill. In transverse section (Fig. 3-2A) each lamella is 
seen to consist of an epithelial layer with underlying muscle 
and connective tissue. The interior is subdivided into 
compartments by numerous but irregular transverse partitions 
or septae, which are continuous with the subepithelial 
connective tissue and musculature. Haemocytes are often seen 
within the lumen of the lamellae. 
Twenty four hours following the injection of carbon 
(Fig. 3-2B), colloidal gold (Fig. 3-2C) or heat-killed 
S . aureus (Fig. 3-2D), labelled cells were readily apparent 
within gill lamellae. Both fixed and circulating phagocytic 
cells could be distinguished. However, of the two, the most 
conspicuous were the fixed phagocytic cells, found either 
attached to, or embedded in the subepithelial connective 
tissue and septae. Fixed phagocytes appeared extens i vely 
fl attened, and in many instances their presence was detected 
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only as a result of ingested label. Labelled haemocytes 
were relatively few in number and appeared lightly labelled 
in comparison with the fixed phagocytes. 
Similar distribution patterns were seen with all 
three markers, although increased numbers of labelled haemo-
cytes were seen in animals injected with both carbon and 
bacteria . Evidence is presented in a later section (Section 
3-5) suggesting that this variation may be attributable to 
variations in the dose of injected material. In all instances 
the intracellular location of marker materials has been 
established in parallel studies with the electron microscope 
( see Chapter 4) . 
3-4 Phagocytic cells in the foot. 
As an organ of attachment and locomotion, the foot 
is largely composed of ~~scle and connective tissue, and in 
the absence of a well defined circulatory system, it contains 
numerous channels and spaces through which the haemolymph 
percolates. Histologically, the foot may be divided into 
dorsal and ventral regions, with a clear line of demarcation 
being evident under low power examination. Ventrally, the 
tissue is composed of individual muscle fibres, which being 
extensively interwoven, resu!t in a compact or solid appear-
ance in section. Included within this region are numerous 
channels or lacunae (Fig. 3-lA) which are irregular in both 
shape and size. 
Twenty four hours following the injection of carbon 
or colloidal gold (Fig. 3-3), labelled cells were found 
attached to the "edges" of these lacunae. The cells concerned 
were morphologically similar to the fixed phagocytes in gill 
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lamellae. In addition, labelled haemocytes were occasionally 
seen within the lacunae. A contrasting situation occurred 
following the injection of S. aureus, where relatively few 
labelled cells were observed in the ventral region of the 
foot. 
Dorsally, the foot appears much less compact as 
individual muscle fibres collect to form the large bundles 
which together form the lateropedal muscles (Hyman, 1967). 
Between these muscle bundles, extensive accumulations of 
connective tissue interspersed with numerous channels give 
the foot a porous, or sponge-like appearance in section. 
The most conspicuous and readily identifiable (but by no 
means unique) accumulations of connective tissue surround 
and support the paired pedal nerves (Fig. 3-lA, B). These 
nerves extend throughout the entire length of the foot. As 
the connective tissue surrounding these nerves contains 
numerous channels which collectively form the neuropedal 
sinus (Hyman, 1967), the tissue itself is subsequently 
referred to as the neuropedal connective tissue. 
The structure of portion of the neuropedal 
connective tissue is illustrated in Fig. 3-4A. Within this 
tissue numerous large darkly-staining bodies are a prominent 
and characteristic feature. They are distinctly auto-
fluorescent when examined under ultraviolet light (Fig. 
3-SA). Although the exact nature of these bodies is unknown, 
they are similar in shape and size to the dark bodies 
characteristic of the non-phagocytic globular cells which 
occur in this region (Chapter 4), and are thought to be the 
same. 
,, 
~ I 
• I 
I I 
I 
I ' " I 
I' 
•• 
. . 
I i 
I 
I 
I,' 
• I 
. : . 
t '• I I. ff 
' " 
'• I I; ' 
.. 
I • 
I 
' f • ~ 
I I 
. 
I ~ 
• 
Fig. 3-1 
Fig. 3-lA. Diagrammatic transverse section through the 
mid region of the chiton Lioloph ura gaimardi (Ao aorta; 
DG digestive gland; F foot; G gill; Go gonad; Gu gut; 
L lacunae; M mantle; N nephridia; NS neuropedal 
connective tissue and sinus; PN pedal nerve; S shell; 
VS visceral sinus). 
Fig. 3-lB. A photomontage illustrating the location of 
the neuropedal connective tissue surrounding the pedal 
nerve. (Mu muscle; NS neuropedal connective tissue; 
PN pedal nerve; Sh connective tissue sheath surrounding 
pedal nerve). 
Azure II/methylene blue. 
Magnification: x 160 
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Fig. 3-2 
Fig. 3-2. Photomontage of transverse sections through 
Liolophura gill filaments. 
Fi g. 3-2A. Normal gill filament (E epithelium; H haemo-
cyte; L gill lumen; S septum). 
F i g. 3-2B, C, D. Gill filaments 24 hours after the 
i njection of carbon (B), colloidal gold (C) and heat-
ki lled S . aureus (D). 
A, B, C. Azure II/methylene blue 
D. Bacterial stain (Brown and Brenn, 1931). 
Magnification: x 800 
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Fig. 3-3 
Fig. 3-3. Fixed phagocytic cells attached to the "edges" 
of a lacunus in the ventral region of the foot of 
Liolophura gaimardi, 24 hours after the injection of colloidal 
gold (L lacunus; Mu muscle). 
Azure II/methylene blue. 
Magnification: x 2,800 
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Fig. 3-4 
Fig. 3-4A. Photomontage transverse section illustrating 
the normal structure of the neuropedal connective tissue 
which surrounds the pedal nerves. (PN pedal nerve; 
black arrows indicate dark bodies characteristic of the 
non-phagocytic globular cells). 
Azure II/methylene blue 
Magnification: x 350 
Fig. 3-4B. Photomontage transverse section illustrating 
the presence of phagocytic cells in the neuropedal 
connective tissue, 24 hours after the injection of carbon. 
(PN pedal nerve; black arrows indicate dark bodies of 
the non-phagocytic globular cells; white arrows indicate 
phagocytic vacuoles containing carbon). 
Azure II/methylene blue. 
Magnification: x 350 
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Fig. 3-5 
Fig. 3-5A. Transverse section illustrating the normal 
structure of the neuropedal connective tissue when viewed 
under ultraviolet light. (PN pedal nerve; white arrows 
indicate autofluorescent dark bodies characteristic of 
the non-phagocytic globular cells). 
Unstained. 
Magnification: x 350 
Fig. 3-5B. Transverse section illu~trating the presence 
of phagocytic cells in the neuropedal connective ti_ssue, 
24 hours after the injection of 5.0 mg of rhodamine-
labelled BSA. Specific (orange) fluorescence was 
associated with numerous vacuoles which are smaller than 
the auto-fluorescent dark bodies. 
Unstained. 
(PN pedal nerve). 
Magnification: x 350 
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Fig. 3-6 
Fig. 3-6A. The morphology of normal haemocytes from 
Liolophura gaimardi . 
Leishman's stain. 
Magnification: x 70 0 
Fig. 3-6B. The morphology of a heavily labelled haemo-
cyte taken from an animal injected 24 hours previously 
with 5 x 10 9 heat-killed S . aureus. 
Leishman's stain. 
Magnification: x 2,900 
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Fig. 3-7 
Coulter counter size-distribution profile of a single 
population of normal Liolophu r a ga imar di haemocytes. 
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Twenty four hours following the injection of 
colloidal gold, carbon (Fig. 3-4B), or rhodamine-labelled BSA 
(Fig. 3-SB), large numbers of labelled cells were seen in 
the neuropedal connective tissue and in other connective 
tissue accumulations throughout the dorsal foot musculature. 
Labelled cells were found attached to, or embedded in the 
sheath immediately surrounding the pedal nerves, and in 
apparent intimate association with globular cells in the 
neuropedal connective tissue. Again, relatively few cells 
containing S. aureus were observed in this region. 
3-5 Phagocytic cells in the haemolymph. 
Normal Liolophura haemolymph contains large numbers 
of free-floating cells, collectively known as haemocytes. To 
estimate the number of cells present, haemolymph samples 
were obtained from 8 specimens and after appropriate dilution, 
they were electronically counted (see Chapter 2). Values 
ranging from 3.4 to 12.9 x 10 6 per ml, with a mean value of 
7.3 x 10 6 cells per ml were recorded (Table 3-1). 
In order to characterize the normal haemocyte 
population, detailed morphological and size-distribution 
studies were undertaken employing cells from several indi-
vidual specimens. The results of these studies indicated that 
Liolophura haemocytes constitute a homogeneous, single popu-
lation of cells. In culture at 0°C, haemocytes were inactive 
and appeared as rounded cells. However, as the temperature 
of the culture chamber rose, the haemocytes extruded 
Pseudopodia and gradually assumed a typical amoiboid appear-
ance as they adhered to, and spread over the glass coverslip. 
Variations in shape (Fig. 3-6A) were thus determined by the 
movement of the cell. 
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Table 3-1 
Haemocyte numbers in normal Liolophura haemolymph. 
Specimen No. Cell count 
(haemocytes per ml.) 
1 9.0 X 10 6 
2 7.5 X 10 6 
3 12.9 X 10 6 
4 4.1 X 10 6 
5 3.6 X 10 6 
6 10.5 X 10 6 
7 7.1 X 10 6 
8 3.4 X 10 6 
Mean ± S.E. 7.3 ± 1. 2 X 10 6 
While generally rounded or oval in appearance, the 
nucleus also assumed a variety of shapes, depending on its 
position within the cell relative to the movement of the 
cell. Binucleate cells were occasionally observed, although 
mitotic figures were never positively identified. Within the 
nucleus, the chromatin exhibited a characteristic coarse 
granular appearance. The haemocyte cytoplasm was weakly 
basophilic and devoid of stainable inclusions. The cyto-
plasm was also frequently vacuolated, although this feature 
showed considerable variation both within, and between 
different haemocyte populations. Vacuolation was possibly 
attributable to the presence of (non-stainable) glycogen in 
these cells (see Chapter 4). 
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haemocyte populations from nine different specimens were all 
found to be similar. Although slight variations in absolute 
size were evident, the results indicated that each sample 
constituted a single, uniformly distributed population of 
cells (Fig. 3-7), with a mean volume of approx. 250 cubic 
microns. This corresponds with a spherical particle 7.8 
microns in diameter. 
In conjunction with the histological studies 
reported in the previous sections, a parallel examination 
was made of the 24 hour uptake of label by haemocytes. 
Haemocyte spreads were examined for the presence of label, 
and scored on the basis of the amount contained (see 
Chapter 2). The pooled results of 5 such experiments 
(employing colloidal gold, carbon and 3 different doses of 
heat killed S . aureus) , are included in Table 3-2. The 
morphology of a single cell heavily labelled with S . aureus 
is illustrated in Fig. 3-6B. 
It is readily apparent that all 3 labels were 
taken up by haemocytes, although the data indicated that 
there was considerable variation between the 5 experimental 
groups. Results obtained following the injection of different 
doses of S . aureus (Table 3-2), suggested that this variation 
may be accounted for in terms of the dose of injected 
material. In order to test this possibility more fully, 
individual specimens in each of two groups were injected with 
5 x 10 9 or 5 x 10 8 heat killed s. aureus respectively. 
Haemocyte samples from each specimen were obtained at 24 
hours post-injection, and were scored for the uptake of 
bacteria. The results (Table 3-3) revealed a highly 
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Table 3-2 
The uptake of colloidal gold, carbon and heat-killed s. aureus by Liolophura 
haemocytes in vivo at 24 hours post-injection 
I % Labelled haemocytes ( me an ± S . E . ) 
Injected Dose Label 
Total L* M* H* 
I 
I 
Gold 0.25 mg 16.9 ± 4.3 ; 16.2 ± 3.6 0.7 ± 0.7 0 
Carbon 2. 0 mg 73.0 ± 2.2 40.9 ± 2.5 24.3 ± 2.8 7.9 ± 0.9 
j 
1.7 ± O.Bi (S. aureus) 5 X 10 9 25.7 ± 3.3 16.6 ± 0.1 I 
7.5 ± 2.5 I 
3 X 10 9 18.9 ± 1.6 13.2 ± 0.4 4.6 ± 1.1 1.1 ± 0.2 
3 X 10 8 4.3 ± 1.3 3 . 1 ± 1.0 1.2 ± 0.4 0.1 ± 0.11 
I I 
* Light (L), Moderately (M) and Heavily (H) labelled cells (see Chapter 2). 
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significant difference (P <0.01) at all three labelling 
intensities between the uptake of S . aureus in the two 
treatment groups, indicating that the haemocyte response to 
the bacteria was dose-dependent. 
Based on the number of bacteria observed within the 
haemocytes of these animals at 24 hours, the known total 
haemocyte count for each specimen, and an estimated haemolymph 
volume of 10 mls (shown in later chapters to be an over-
estimation), it was possible to calculate the fraction of 
the inoculum recovered within haemocytes. These calculations 
indicated that only 2% of the injected dose of s . aureus 
was taken up by haemocytes in the 9 specimens employed in 
these experiments. 
Table 3-3 
The uptake of heat-killed s . aureus by Liolophura haemocytes 
in vivo at 24 hours post-injection 
U) % Labelled haemocytes (mean ± S. E.) 
,-f 
Injected • co 
dose 0 l:i Z·~ 
~ Total L* M* H* 
5 X 10 9 4 30.6 ± 3.2 18.4 ± 1. 7 8.5 ± 1. 4 3.8 ± 0.6 
5 X 10 8 5 6.8 ± 1. 8 5.6 ± 1. 5 1. 2 ± 0. 3 0.1 ± 0.1 
Probability 0.0005 0.001 0.001 0. 0 004 
*Light {L), Moderately (M) and Heavily (H) labelled cells 
( see Chapter 2) . 
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3-6 Discussion. 
The results of this investigation revealed that 
both fixed and circulating phagocytic cells are responsible 
for the removal of foreign material in Liolophura . Both ce ll 
types are widely distributed throughout the so f t tissues o f 
the ch iton, and both are intimately associated with t h e 
circulatory system. Circulating phagocytic cells are found 
among t he haemocytes, which on the basis o f morphology and 
si ze distribution studies, comprise a single, homogeneous 
population of cells. Fixed phagocytic cells are found in 
assoc i ation with connective tissue and are most noticeably 
. abundant i n highly vascularized connective tissues such as 
the n eur opedal connective tissue in the foot, and in 
connective tissue lining the gill filaments. 
Of the two cell types, the haemocytes contribute 
in a r elatively minor way to the clearance of injected 
material. This conclusion is based on qualitative compari-
sons between the amount of label taken up by both cell t ypes, 
as seen in histological section, and on semi-quantitative 
estimates of the fraction of inoculated S . aur eus recovered 
wi t hin haemocytes 24 hours after injection. In section, 
labe lled haemocytes appeared few in number and lightly 
l abe lle d in comparison with fixed cells, while estimates o f 
the number of bacteria recovered within haemocytes accounted 
for only 2% of the injected dose. 
The finding that fixed phagocytes are primarily 
responsible for the uptake of foreign label in the chiton 
gains support from the earlier work of Cuenot (1914), 
fo llowing the injection of India ink in the Arnphineuran 
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Aaanthochites discrepans. As mentioned in the Introduction 
to this chapter, Cuenot noted the presence of large numbers 
of fixed phagocytic cells lining branches of the visceral 
artery and gills, and in the interrenal connective tissue. 
During the present study, fixed phagocytic cells were observed 
in all these locations. The results are therefore in full 
accord with those of Cuenot (1914), differing only in that 
they revealed a much broader distribution of phagocytes, 
than was indicated by that author. 
The simultaneous occurrence of two populations of 
phagocytic cells is not unique, having been reported in a 
number of invertebrate species. However, the relative 
activity of these populations shows considerable species-
dependent variability. In both the freshwater crayfish 
(Parachaeraps bicarinatus ) and garden snail (Hel i x poma ti a) 
fixed cells which are intimately associated with the vascular 
system are primarily responsible for the removal of 
injected carbon (Reade, 1968). Similar findings were also 
reported by Stuart (1968) following the injection of carbon 
in the octopus (EZedone cirrosa). However, a contrasting 
situation occurs in the oyster Crassostrea virg i nica 
(Feng, 1965), the clam Tridacna maxima (Reade and Reade, 
1972), and the pulmonate gasteropod AustraZorb i s gZab ratus 
(Tripp, 1961), where circulating amoebocytes appear solely 
responsible for the phagocytosis of a variety of foreign 
markers. 
The relationship between these two populations is 
unknown. It could be argued that both fixed and circulating 
Phagocytes represent different functional states of a single 
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cell, and that one can give rise to the other, either 
directly, or following the accumulation of foreign material. 
While th'e present observations provide no evidence for such 
a relationship, ultrastructural studies (Chapter 4) indicate 
that the 2 cell populations are morphologically distinct. 
These findings suggest that an equilibrium between fixed and 
circulating phagocytes is unlikely. However, they may be 
related via a differentiation pathway. 
Although wide variations were observed in the uptake 
of the respective labels by both cell types, these may be 
accounted for in terms of the dose of injected material. Both 
the haemocyte response to S. aureus, and the fixed cell 
response to colloidal gold were found to be dose-dependent. 
In addition, the low number of S. aureus observed in fixed 
cells in the neuropedal connective tissue may be due to the 
size of the particle concerned. In these animals the circul-
atory system is relatively inefficient, and equilibration of 
a large particle is likely to be much slower than for a 
corresponding smaller one. Hence the number of bacterial 
cells actually reaching the foot from the visceral sinus may 
be significantly reduced, compared with smaller particles 
such as protein, colloidal gold or carbon. 
3-7 Summary. 
Fixed and circulating phagocytic cells are concerned 
in the uptake of foreign material in Liolophura gaimardi. 
Both cell types are widely distributed throughout all tissues. 
Fixed cells are characteristically associated with connective 
tissue, and are more numerous in highly vascularized tissues 
such as the gills and foot. Circulating phagocytic cells are 
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found among the normal haemocyte population. On the basis of 
morphological and size distribution criteria, the haemocytes 
comprise a single population of cells. When examined 24 
hours after the injection of foreign material, fixed cells 
are more heavily labelled than haemocytes. 
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CHAPTER 4 
THE FINE STRUCTURE OF PHAGOCYTIC CELLS 
IN LIOLOPHURA GAIMARDI 
• • 
.. 
, 
' . 
,• 
1., 
. ,' . 
~ ·. 
, 
. 
. . ' 
I 
I f ~ • 
: 
ti 
· . 
' 
..... 
.. 
• 
THE FINE STRUCTURE OF PHAGOCYTIC CELLS 
IN LIOLOPHURA GAIMARDI 
4-1 Introduction. 
The previous histological studies (Chapter 3) 
revealed that both fixed and circulating phagocytic cells 
were concerned in the removal of foreign material in 
Lio l ophuria . In conjunction with this work, we undertook a 
54 
parallel electronmicroscopic examination of foot, gill and 
haemocyte preparations, from both normal and injected animals. 
These studies had three aims. Firstly , to confirm the intra-
cellular location of the various marker materials. Secondly, 
to establish the relationship between fixed cells and 
surrounding tissues, particularly in the region surrounding 
the pedal nerves (neuropedal connective tissue). Thirdly, 
to examine the ultrastructure of both fixed and circulating 
phagocyti c cells. 
In most instances, tissues exami ned in marker 
experiments came from specimens employed in the previous 
histological studies. However, as BSA was an unsuitable 
marker for ultrastructural studies, animals i njected with 
rhodamine-labelled ferritin (12 mg per specimen) were 
employed in place of those injected with BSA. 
The ultrastructural studies were commenced in the 
absence of any (known) background literature concerning the 
fine structure of chiton phagocytes. In addition, recent 
accounts of pelecypod (Feng et al., 1971), cephalopod 
(Barber and Graziadi, 1965) and gasteropod (Buchholz et a l ., 
1971• I Fernandez, 1971) blood and phagocytic cells, suggest 
. ' 
. 
•' 
1., 
~ · . 
. 
. 
• • I 
,, 
55 
that even within a single group (the gasteropods), there is 
considerable variation in the cells involved in the removal 
of foreign material. Buchholz et al. (1971), for example, 
claimed that trypan blue or ferritin was taken up primarily 
by fixed cells (globular cells) in the connective tissues of 
Heli x pomati a and Cep aea nemoralis. Fernandez (1971), on 
the other hand, reported ferritin uptake solely within blood 
cells (amoebocytes) in the connective tissue of Helix 
aspe rsa. Fernandez (1971) also included globular cells in his 
description of H. aspersa connective tissue components, but 
made no reference to phagocytic activity in these cells. 
The observations reported in this chapter confirmed 
the presence of two populations of phagocytic cells in 
Liolophura~ Fixed phagocytes were intimately associated with 
connective tissue and resembled mammalian fibroblasts. The 
circulating phagocytes were identical with normal haemocytes. 
4-2 General observations on the distribution of phagocytic 
cells. 
Ultrastructural evidence confirmed the earlier 
finding (Chapter 3) that fixed phagocytes were usually found 
in association with connective tissue. In the gills, they 
were associated with connective tissue in both the sub-
epithelial region, and in septae partitioning the lumen of 
gill lamellae. Fixed phagocytes were also observed at the 
Proximal end (adjacent to the central gill axis) of the gill 
lumen, among a tightly packed population of haemocytes, 
muscle cells and nerve cells. In the ventral region of the 
foot, fixed phagocytes were embedded in connective tissue 
surrounding muscle bundles. Dorsally, they formed one of 
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four cellular elements surrounding the pedal nerve. 
Haemocytes were readily recognized throughout the 
length of the gill lumen. They were also conspicuous in 
connective tissue in the foot, especially near the basement 
membrane surrounding the pedal nerve. As in the previous 
study however, most observations concerning the circulating 
phagocytes involved cells which had been concentrated from 
the haemolymph, and examined separately. 
4-3 The fine structure of phagocytic cells. 
Fixed cells*. An example of a fixed cell is 
illustrated in Fig. 4-lA. Fixed cells were amoeboid in 
character with long fingerlike processes extending into the 
surrounding connective tissue. They were bordered by a double 
unit membrane which frequently showed p1nocytic invaginat1ons. 
The cytoplasmic matrix contained vesicles, elements of the 
Golgi apparatus, and mitochondria in addition to free and 
membrane-bound ribosomes. Dilated cisternae of the rough 
endoplasmic reticulum were sometimes denser than the cell sap 
(Fig. 4-lC). Darkly stained vacucles (or bodies), many having 
internal membranes and resembling lysosomes, were commonly 
observed in the cytoplasm (Fig. 4-6A). Thick, cross-banded 
fibrils resembling collagen (Rogers, 1969; Fernandez, 1971) 
were often closely associated with the surface of the fixed 
cells and in some cases seemed to be enclosed within a cyto-
* The term "fixed cell" is used here to describe the normal 
structure of a cell which will later be shown to be phago-
cytic. Until the phagocytic capacity has been demonstrated 
it seems inappropriate to refer to this cell as a fixed 
Phagocytic cell, or fixed phagocyte. 
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plasmic vacuole. The latter observation was especially 
frequent in fixed cells in the gill following the injection of 
phagocytic markers (Fig. 4-lB, C). Chromatin was usually 
concentrated at the periphery of the fixed cell nuclei. 
Circulating haemocytes. Haemocytes were similar 
whether collected from the haemolymph or observed in sections 
of the gill and foot. In low power field, haemocyte pellets 
appeared as a uniform population of compact and rounded cells 
with short pseudopodia (Fig. 4-2A). 
Figure 4-2B illustrates many of the typical haemocyte 
features. The cytoplasm, which contained a wealth of subcellular 
organelles, possessed an elaborate Golgi apparatus accompanied 
by long parallel arrays, or small circular outlines of rough 
endoplasmic reticulum. Mitochondria and lipid inclusions of 
varying size were constant features, along with dense inclu-
sions located near enlarged and darkly staining ends of the 
Golgi system. Microtubules and centriolar structures were 
occasionally observed. 
Many haemocytes contained l~rge rough-surfaced 
0 
particles, which occurred irregularly (150 - 400 A), or in 
grapelike clusters (up to 0.1 µ in size) (Fig. 4-3A). These 
Particles resembled glycogen in size, rosette appearance and 
sensitivity to stains and digestion techniques. When stained 
with uranyl acetate alone, they were less conspicuous than 
after exposure to lead. In the latter case, they stained 
more intensely than the surrounding ribosomes. These glycogen-
like particles disappeared, leaving irregular spaces in the 
cytoplasm (Fig. 4-3B) when the tissue was incubated with saliva 
or a -amylase. Nuclei and other organelles remained intact. 
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Although these particles were occasionally found in association 
with large lipid inclusions (Fig. 4-3A), they were never 
observed to be surrounded by a limiting membrane. 
Pinocytotic invaginations were occasionally visible 
in the haemocyte plasma membrane (Fig. 4-lB). The nuclei 
were characteristically mottled due to chromatin concentrated 
at the margin, or scattered in coarse lumps throughout the 
nucleoplasm. Nucleoli were observed in some cells. 
The general ultrastructural features described 
above varied from haemocyte to haemocyte and more often, from 
one population of haemocytes to another. In some instances, 
the nuclei appeared more compact, lacking the dense chromatin 
masses at the periphery, while in rare cases, a nucleus was 
observed in which the chromatin organization suggested an 
early stage of mitotic activity. Dense lysosome-like cyto-
plasmic inclusions with varying staining properties and 
membranous content were observed, more often than not in 
preparations from animals injected with foreign markers. 
In other cells, dilated channels of rough endoplasmic 
reticulum contained circular and chainlike profiles which 
appeared similar to a material seen "trapped" between haemocytes 
(Fig. 4-4A, B). Isolated channels (Fig. 4-4C) varying in 
length, diameter and configuration (some were curled) occurred 
in many, but not all cells. These channels were bordered by 
a double membrane and often contained a dense substance. Their 
significance is not known. Finally, the number of glycogen-
like particles in various haemocyte samples ranged from a few 
clusters at random sites in the cytoplasm, to large deposits 
filling more than half the cell. 
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Fig. 4-1 
Fig. 4-lA. A fixed cell (F) in the gill. (d dense bodies; 
gl gill lumen; bm basement membrane delimiting gill 
epithelial cells (E)). 
Magnification: x 21,000 
Fig. 4-lB. A portion of a fixed cell with a large dark 
vacuole containing collagen-like fibrils (c), and gold 
tracer particles (g). 
Magnification: x 30,000 
Fig. 4-lC. Collagen-like fibrils (c) contained within 
intracytoplasmic vacuoles along with colloidal gold (g) 
appear degenerate. Arrows indicate dark cisternae of 
rough endoplasmic reticulum. 
Magnification: x 25,500 
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Fig. 4-2 
Fig. 4-2A. A low power electron micrograph of normal 
Liolophura haemocytes. The cells are uniformly compact 
and rounded with short pseudopodia. 
Magnification: x 9,300 
Fig. 4-2B. A single haemocyte at higher magnification. 
Note the presence of mitochondria (m), dense bodies (d), 
a Golgi apparatus (ga), glycogen-like particles (gl) and 
parallel arrays of rough endoplasmic reticulum (er). The 
arrow indicates a pinocytotic invagination at the surface 
of the haemocyte. In this particular section, two nuclear 
areas (n) are visible. 
Magnification: x 22,500 
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Fig. 4-3 
Fig. 4-3A. A single haemocyte containing large, 
prominent deposits of glycogen-like particles (gl). 
These occur either singly, or in rosettes, and in 
some instances are associated with lipid droplets (1). 
Magnification: x 16,000 
Fig. 4-3B. Electronmicrograph of a haemocyte pellet 
after treatment with saliva. Spaces (s) of varying 
size appear in the cytoplasm. Nuclei and other 
cytoplasmic organelles remain intact. 
Magnification: x 15,000 
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Fig. 4-4 
Fig. 4-4A. Arrows point to circular and chain like 
profiles located outside a haemocyte. 
Magnification: x 69,000 
Fig. 4-4B. A portion of a haemocyte. Arrows indicate 
circular profiles arranged in clusters or rows within 
dilated cisternae of the endoplasmic reticulum. 
Magnification: x 74,000 
Fig. 4-4C. Double membrane bound channels containing 
a densely stained material are evident in the cytoplasm 
of a haemocyte. 
Magnification: x 60,000 
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Fig. 4-5 
Fig. 4-SA. The surface of a fixed cell (F) in the gill, 
1 hour after the injection of colloidal gold. Gold 
particles (g) appear in an invagination of the plasma 
membrane. 
Magnification: x 79,000 
Fig. 4-SB. Twenty four hours after the injection of 
colloidal gold, gold particles (g) are contained within 
intracy toplasmic vacuoles in a fixed cell (F), but not 
in haemocytes (H) in the gill. No particles are seen 
extracellularly, and the gill lumen (gl) contains 
amorphous material. 
Magnification: x 15,300 
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Fig. 4-6 
Fig. 4-6A. Ferritin granules (fe) are present both intra-
and extracellularly in the gill, 24 hours after injection. 
Intracellularly, they occur within cytoplasmic vacuoles of 
a fixed cell (F) which also contains dark lysosome-like 
bodies (lb). 
Magnification: x 19,500 
Fig. 4-6B. Heat killed s. aureus (b) phagocytosed by a 
haemocyte in the gill lumen, 24 hours after injection. 
Magnification: x 26,000 
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Fig. 4-7 
Fig. 4-7A. A section through the neuropedal connective 
tissue surrounding the pedal nerve. (i inner region; 
o outer region; n pedal nerve; bm basement membrane; 
c collagen-like fibrils; H haemocyte; F portion of a 
fixed cell; G portion of a globular cell). Ferri tin 
granules are visible in the fixed cell (F), and extra-
cellularly (see arrow). 
Magnification: x 19,500 
Fig. 4-7B. A fixed cell (F) borders a sinus (S) 
containing amorphous material within the neuropedal 
connective tissue. 
Magnification: x 15,000 
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Fig. 4-8 
Fig. 4-8A. Globular cells (G) in the neuropedal 
connective tissue of the foot, show pores or slits 
,(arrowed) at their surface. The plasma membrane 
bordering these slits is conspicuously thickened. 
Dilated cisternae of the endoplasmic reticulum (er) 
contain fibrillar material. Glycogen particles (gl) 
are partially limited by a membrane, and a prominent 
nucleolus (n) is visible. Muscle cells (M) with 
distinct myofibrils are also evident in the neuropedal 
connective tissue. 
Magnification: x 13,000 
Fig. 4-8B. Large dark bodies (D) containing small lipid-
like inclusions and dense clumps of material often 
dominated the cytoplasm of the globular cells. These 
bodies were often accompanied by smaller, more uniform 
bodies (d). Dilated endoplasmic reticulum (er) appears 
denser than the surrounding cytoplasm. 
Magnification: x 12,000 
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Fig. 4-9 
Fig. 4-9A. Colloidal gold (g) located within a fixed 
cell in the neuropedal connective tissue, 24 hours after 
injection (G globular cell; c collagen-like fibrils; 
d dense bodies; arrows indicate slits or pores in the 
surface of a globular cell). 
Magnification: x 15,300 
Fig. 4-9B. Gold particles (g) located within intra-
cytoplasmic vacuoles in a fixed cell (F) in the ventral 
region of the foot musculature. 
Magnification: x 29,000 
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Fig. 4-10 
Fig. 4-lOA. Carbon (c) localized in the cytoplasm of a 
haernocyte, 24 hours after injection. 
Magnification: x 21,000 
Fig. 4-lOB, c. Ferritin granules (fe) located both intra-
and extracellularly in a population of haernocytes. 
Magnification (B): x 60,000 
Magnification (C): x 33,000 
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Fig. 4-11 
Fig. 4-llA. Heat killed S. aureus (b) surrounded by a 
discontinuous membrane and in close association with 
glycogen deposits (gl) in the cytoplasm of a haemocyte. 
Magnification: x 60,000 
Fig. 4-llB. Intracytoplasmic vacuoles containing gold 
(g) joined to each other and to a large membrane-filled 
body in the cytoplasm of a haemocyte. 
Magnification: x 50,500 
Fig. 4-llC. A phagocytic vacuole containing colloidal 
gold (g) and other material in apparent intimate 
associat i on with a Golgi array (ga) in the cytoplasm 
of a haemocyte. 
Magnification: x 47,000 
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4-4 Phagocytic cells in the gill. 
Preliminary studies on gill tissue obtained one hour 
after the injection of colloidal gold, showed that gold 
particles were located almost entirely extracellularly. 
However, the label was often seen in close proximity to the 
surface of fixed cells and in some instances, it also 
appeared in invaginations of the plasma membrane (Fig. 4-SA). 
At this stage, gold particles were never detected in association 
with haemocytes. 
In gill tissue sampled 24 hours after inoculation, 
colloidal gold, ferritin* or heat-killed S. aureus occurred 
intracellularly, in both fixed phagocytic cells and in haemo-
cytes. Labelled fixed cells were more eas ily located than 
labelled haemocytes (Fig. 4-SB), suggesting that fixed cells 
were more active in the removal of these materials. Little 
if any gold was found extracellularly. However, ferritin 
granules were still common outside as well as inside cells 
(Fig. 4-6A), and unphagocytosed bacteria were also observed 
in the gill lumen. The labelling pattern following carbon 
injection, was similar to that reported for ferritin. 
In the cytoplasm of both fixed and c irculating 
Phagocytic cells, gold and ferritin were concentrated in 
membrane-bound vacuoles, sometimes accompanied by membranous 
Whorls. These vacuoles were often denser than the surrounding 
cytoplasm (Figs 4-SB, 4-6A). Bacteria occurred alone, or in 
clusters within a single vacuole (Fig. 4-6B). In some of the 
*Ferritin used in these experiments had an atypical appearance, 
Poss ibly due to conjugation with rhodamine. It was neverthe-
less easily recognized as a foreign marker. 
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vacuoles in fixed phagocytic cells, gold was seen in close 
association with rather thick collagen-like fibrils (Fig. 
4-lB, C). These fibrils appeared degenerate in some 
instances (Fig. 4-lC). 
4-5 Phagocytic cells in the foot. 
Structure of the neuropedal connective tissue. 
60 
Evidence of phagocytic cells in the foot was mainly obtained 
from sections through the neuropedal connective tissue. This 
connective tissue may be divided into both inner and outer 
regions (Fig. 4-7A). The inner region or sheath, borders the 
basement membrane surrounding the nervous tissue, and is 
narrow and compact. The outer region is somewhat broader, 
although considerably variable in extent. Structurally, it 
appears similar to connective tissue found between muscle 
bundles throughout the dorsal aspect of the foot (Chapter 3). 
Recognized structures within the neuropedal connect-
ive tissue included both cellular and acellular components. 
The acellular components included thin fibrils, thick banded 
fibrils similar to collagen, and dense fibrous bundles. The 
collagen-like elements were especially prominent and partly 
oriented in the inner region of the connective tissue. 
Spaces or sinuses containing amorphous material were frequently 
observed in the outer region of the neuropedal connective 
tissue. In some instances cells resembling fixed cells were 
seen stretched along the border of these spaces (Fig. 4-7B), 
although a continuous "endothelial" lining was never observed. 
Cellular components of the neuropedal connective 
tissue included fixed cells and haemocytes, muscle cells with 
myofibrils (Fig. 4-BA) and small branches of nervous tissue. 
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An additional cell type closely resembling the globular or 
vesicular cells of gasteropod molluscs (Rogers, 1969; 
wondrak, 1969; Buchholz et al., 1971; Fernandez, 1971; 
Walburg-Buchholz, 1972), was also a prominent feature. 
Pores or slits were consistently present at the surface 
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of this cell (Fig. 4-8A, 4-9A), while the plasma membrane 
bordering the slits showed conspicuous thickenings (Fig. 
4-8A). Cytoplasmic organelles included a complex Golgi 
apparatus, many small vesicles or tubules enclosing a darkly 
staining substance, a variable number of mitochondria, 
together with rough endoplasmic reticulum often with dilated 
channels containing a dense or fibrillar material (Figs 
4-8A, B, 4-9A) . 
Very large (up to 8µ), dark bodies of variable 
shape and structure often dominated the cytoplasm of the 
globular cells (Fig. 4-8B). These bodies commonly contained 
inclusions of membrane arrays (sometimes highly ordered), 
fibrils and small lipid-like droplets. The function these 
bodies serve in the globular cells is unknown. Smaller, 
uniformly dense granules tended to accompany the large dark 
bodies (Figs 4-8B, 4-9A). Globular cells were usually found 
in the outer region (Fig. 4-7A) of the neuropedal connective 
tissue, and were often surrounded by a basement membrane. 
Fixed cells were closely associated with the globular 
cells, although their cell borders were difficult to trace. 
Long cytoplasmic processes characteristic of fixed cells 
tended to infiltrate other tissues, and their plasma membrane 
Was frequently ill-defined. Haemocytes were commonly located 
in, or near the inner region of the neuropedal connective 
.. 
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tissue, where they sometimes appeared stretched out among 
sheets of collagen~like fibrils (Fig. 4-7A). 
62 
Labelled cells in the foot. Twenty four hours after 
injection , tracer materials were found primarily within fixed 
cells (Fig. 4-9A) in the neuropedal connective tissue. 
Although only a limited amount of material was examined, 
fixed cells were also largely responsible for the uptake of 
label in the ventral region of the foot (Fig. 4-9B). 
Relatively few labelled haemocytes were encountered in either 
region. Marker materials were never observed in globular 
cells, muscle cells or nervous tissue. In 24 hour samples, 
gold particles were only found within vacuoles (Fig. 4-9A, 
B) while ferritin (Fig. 4-7A), bacteria and carbon were found 
both intra- and extracellularly. 
4-6 Phagocytic cells in the haemolymph. 
Ultrastructural examination of haemocyte preparations 
confirmed that each of the markers used in these experiments 
was taken up by circulating phagocytes. Ferritin, bacteria 
and carbon were observed both outside and inside haemocytes 
from animals injected 24 hours previously (Fig. 4-lOA, B, C) 
While gold was again only found intracellularly. Phagocytosed 
markers were always contained within cytoplasmic vacuoles, 
several of which may have been apparent within a single 
haemocyte. 
In haemocytes from animals injected with S . aureus, 
one or more bacteria were enclosed by a wavy membrane which 
Was often discontinuous (Fig. 4-llA). In some instances, 
bacteria were surrounded by a clear space in the vacuole, or 
by amorphous material which appeared to spill out into the 
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adjacent cytoplasm. Vacuoles containing gold, ferritin or 
bacteria were frequently adjacent to lysosomal bodies or 
resembled lysosomes themselves. As mentioned earlier, 
lysosomal-like structures were more commonly seen in haemocyte s 
after the injection of phagocytic markers. Vacuoles containing 
label were also observed in association with other phagocytic 
vacuoles (Fig. 4-llB), with large membrane-filled areas 
(Fig. 4-llB), with glycogen deposits (Fig. 4-llA, B, C), or 
with elements of the Golgi system (Fig. 4-llC). 
4-7 Discussion. 
Although each of the markers employed in this 
investigation was easily recognized in ultrathin section, 
colloidal gold proved the most satisfactory label, being 
exclusively localized within cells 24 hours after injection. 
As in the previous study (Chapter 3), both fixed and 
circulating phagocytic cells were recognized, and this 
distinction was supported by observed ultrastructural 
differences between the two populations. Fixed phagocytes 
were located in connective tissue in the gills and foot, while 
circulating phagocytes were observed in situ and in haemocyte 
samples from injected animals. 
Fixed phagocytes of Liolophura resemble fibroblasts 
or fibrocytes in many respects. Their long cytoplasmic 
Processes, rough endoplasmic reticulum, vesicles, invaginations 
of the plasma membrane, and close association with extra-
cellular collagen fibrils are features shared by fibroblasts 
in vertebrate (Goldberg and Green, 1964) and invertebrate 
t' issues (Nisbet and Plummer, 1968; Baleydier et al. , 1969; 
Wonarak, 1969). Some mammalian fibroblasts have also been 
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described as phagocytic (Bruns and Palade, 1968 ; Cliff, 1963). 
The plasma membrane of fixed phagocytes in the 
neuropedal connective tissue was often ill-defined. Similar 
lack of membrane definition together with cellular disruption 
of fibroblasts during collagen formation, were described in 
guinea pig granulomata (Chapman, 1961). However, unlike 
fibroblasts participating in collagen s ynthesis, fixed 
phagocytes of Liolophura lacked fibrous condensates either 1n 
the cytoplasm, or at the cell surface. Furthermore, 
modi£ icati ons of the cell membrane such as II les si llons 11 
described by Nicaise et aL (1966) and Baleydier et al. (1969) 
in gasteropod fibroblasts, were not observed. 
The presence of collagen fibrils in vacuoles of 
fixed cells , particularly when accompanied by tracers, suggested 
that these fibrils had been phagocytosed. Since some of the 
fibrils appeared degenerate, and others unusually thick 
(i.e. possibly more mature - Gould, 1968), it is possible 
that senile or necrotic collagen is selectively removed by 
fixed cells . 
Ultrastructurally, the haemocytes appeared to form a 
homogeneous population of cells. This evidence, together 
with earlier observations suggesting a single haemocyte type 
(Chapter 3) , conflicts with the findings of Arvy and Gabe 
(1949) , who described three cell types in Amph1neuran haemo-
lymph, These cells, termed leucoblasts, leucocytes and 
Phagocytes, were recognized on the basis of size, nucleus to 
cytoplasmic ratio, and staining characteristics. Overall, 
the results of the present investigation fail to support 
these distinctions. Size distribution profiles (Chapter 3), 
. 
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together with observations of the morphology of haemocytes 
in both the light and electron microscope, are consistent 
with the proposition that the haemocytes of Liolophura are 
a single cell-type. Circulating phagocytes (apart from the 
presence of ingested label) were identical with normal 
haemocytes, the fraction of labelled cells appearing in the 
haemolymph being related to the dose of injected material 
(Chapter 3) . 
Liolophura haemocytes appear to be capable of 
several functions; phagocytosis, synthesis, secretion and 
storage. They are able to phagocytose an array of foreign 
markers, a capacity shared with the haemocytes of various 
gasteropod species (Buchholz et al., 1971; Fernandez, 1971; 
Sminia, 1972). 
The presence of nucleoli and highly organized 
rough endoplasmic reticulum, at times dilated by lightly 
stained material or even vesicular profiles, suggest synthetic 
and possibly secretory activity. Aggregates of similar 
Vesicular profiles were also observed outside haemocytes. 
These aggregates resemble haemocyanin granules described by 
Barber and Grazieldi ( 19 6 5) in the cephalopods Octopus and 
Sepia , and by Fernandez (1971) in blood vessels and membrane 
bound areas in the amoebocytes of Helix. Haemocyanin is 
known to be present in Liolophura haemolymph (Chapter 8) , 
Whether haemocytes are involved in either the synthesis or 
transport of this, or other haemolymph protein in still 
largely unknown. 
but 
Well developed Golgi arrays, short darkly staining 
channels (often crescent shaped), small dense inclusion bodies 
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together with lipid droplets, provide further evidence of a 
haernocyte secretory and storage function. The presence of 
glycogen-like particles in the cytoplasm implies that these 
cells may also play a role in the synthesis, storage or 
metabolism of polysaccharides similar to that proposed for 
crustaceanblood cells (Johnston et al., 1971). While the 
techniques of differential staining and digestion used in 
these experiments only provide presumptive evidence for the 
identification of glycogen (Revel, 1964), glycogen-like 
particles have nevertheless been reported in the blood cells 
of other invertebrate species, including snails (Strang-
Voss, 1970), oysters (Feng et al., 1971; 
annelids (Strang-Voss, 1971). 
Ruddell, 1971) and 
All of the ultrastructural features outlined above 
could be observed within a single cell. It would thus 
appear that the haemocytes of Liolophura comprise a single 
cell type which is multifunctional. 
With regard to the identity of Liolophura fixed 
Phagocytes, it is not known whether these are a distinct 
cell type, or whether they represent haemocytes at a different 
stage of differentiation. As mentioned in the previous 
chapter, the observed ultrastructural differences suggest 
that an equilibrium between fixed and circulating phagocytes 
is unlikely. However, the possibility of relationship via 
a differentiation pathway cannot be overlooked, and consider-
able speculation surrounding this proposition may be found in 
the literature. Wagge (1955) for example, suggested that 
molluscan fibroblasts and amoebocytes may be different 
functional states of the same cell, while Plummer (1966) 
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proposed that fibroblasts and amoebocyte s stemmed from a 
common mesenchymal precursor. Ruddell (1971) on the other 
hand, was able to show that agranular phagocytic amoebocytes 
of the oyster differentiated into fibroblasts during wound 
healing. Whilst this cannot be taken as evidence of a 
transformation which takes place under normal circumstances 
(i.e. in the absence of tissue injury), it is nevertheless 
worthy of further investigation in Liolophura , in view of the 
similarity between fixed cells and fibroblasts (see earlier 
discussion). 
The relationship between phagocytic cells and the 
globular cells in the neuropedal connective tissue also 
presents a confusing picture. In the experiments described 
above , none of the various markers were taken up by globular 
cells . This situation contrasts with that in the snails 
Heli x pomat i a and Cepaea nemoralis , where globular cells 
were almost entirely responsible for the phagocytosis of 
trypan blue and ferritin (Buchholz et al ., 1971). Cells 
with a fenestrated plasma membrane resembling globular cells 
have been called brown cells in the oyster, and pore cells in 
the Achatinidae (Plummer, 1966) and the freshwater pulrnonate 
Lymnae a stagnalis (Srninia, 1972). Inconsistent phagocytic 
activity has been attributed to the oyster brown cell 
(Ruddell and Wellings, 1971) and to L . stagnal i s pore cells 
(Sminia, 1972). In addition, pore cells have also been 
called fibroblasts , and were considered by Plummer (1966) to 
share the rnesenchyrnal precursor which gives rise to the 
amoebocytes and fibroblasts. 
In Liolophura , globular cells appeared somewhat 
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similar to haemocytes, with small darkly staining channels, 
an elaborate rough endoplasmic reticulum and the presence of 
glycogen-like particles being features in common. On the 
other hand, their dilated endoplasmic reticulum and 
association with collagen-like fibrils were characteristic 
of fixed cells. In yet another comparison, pores in the 
surface of the globular cells resembled II les sillons" of 
gasteropod fibroblasts (Nicaise et al., 1966; Baleydier 
et al ., 1969). 
To briefly summarise the results of this and the 
previous Chapter, it is clear that phagocytic cells of 
Liolophura are capable of isolating foreign material in 
phagocyti c vacuoles. However, the interrelationship of the 
two cells concerned in this process - the fixed and 
circulating phagocytes - is unknown. The presence of 
lysosomal-like structures in close association with phago-
cyti c vacuoles also suggests that Liolophura phagocytes may 
have a system of organelles containing lytic enzymes which 
digest ingested material in a manner s imilar to that described 
for vertebrate macrophages (Cohn and Fedorko, 1969). 
!=-8 Summary. 
The fine structure of Liolophura phagocytic cells 
is described. Both fixed and circulating phagocytes concen-
trated labels within intracytoplasmic vacuoles. Fixed 
Phagocytes, with their long cytoplasmic processes, vesicles, 
rough endoplasmic reticulum and close association with 
Collagen-like fibrils , resembled fibroblasts. Circulating 
Phagocytes often showed well developed concentric layers of 
rough endoplasmic reticulum and prominent deposits of 
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glycogen-like particles. Apart from the presence of label, 
circulating phagocytes were otherwise identical with normal 
haemocytes. These formed a uniform single population of 
cells which appeared to be multifunctional. The relation-
ship between fixed cells and haemocytes, and between these 
cells and other connective tissue elements, is largely 
unknown. 
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CHAPTER 5 
THE IN VIVO BEHAVIOUR OF RHODAMINE LABELLED 
HOMO- AND HETEROSPECIFIC PROTEINS 
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THE I N VIVO BEHAVIOUR OF RHODAMINE LABELLED 
HOMO- AND HETEROSPECIFIC PROTEINS 
5-1 Introduction. 
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In previous experiments (Chapter 3) it was shown 
that rhodamine-labelled BSA was extensively phagocytosed b y 
f i xed cells in the neuropedal connective tissue. In order to 
determine whether this response was specifically directed 
against foreign material, the earlier studies were extended 
to include an examination of the reactivity of phagocytic 
cells towards a "self'' marker. For this purpose, Liolophura 
haemolymph protein (LHP) was coupled with rhodamine, and the 
i n vi v o behaviour of this material was compared with the 
in vivo behaviour of BSA. 
In contrast to BSA, relatively little rhodamine-
labelled LHP was taken up by phagocytic cells. In additi on, 
cell-free haemolymph from animals injected with labelled 
LHP possessed a distinctive coloration which was attributed 
to the presence of rhodamine. As the residual coloration 
was protein bound, it was presumed to be unphagocytosed 
conjugate. As a result of this observation, a photometric 
assay was devised for measuring the residual rhodamine 
content of haemolymph samples. With this technique, it was 
Possible to estimate and compare the rates of clearance of 
both protein conjugates in v i vo. Furthermore, it was 
Possible to correlate the clearance data with the observed 
Uptake of the respective LHP and BSA conjugates by phagocyt1c 
Cells. The results and implications arising from these 
experiments are discussed in the present chapter. 
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5-2 The uptake of homo- and heterospecific protein by 
Liolophura phagocytic cells. 
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In the first of this series of experiments, 2 animals 
were each injected with 0.5 mls of either -
(a) rhodamine labelled LHP, 
(b) rhodarnine labelled BSA, or 
(c) unconjugated rhodarnine RB200. 
Prior to injection, the concentration of these 
materi als was adjusted such that the injected rhodamine 
concentrations were identical. Concurrent protein determin-
ations revealed that chitons injected with the LHP and BSA 
conjugates, received 15.3 and 2.3 mg prote i n per animal, 
respe ctively. Twenty four hours after injection, all 
experimental animals (together with 2 uninjected controls ) 
were sacrificed, and pieces of foot were prepared for histo-
logical examination. 
At the time of sacrifice, two significant observa-
tions were made. Firstly, in the 2 animals injected with 
unconjugated rhodamine, the excretory s y stem was abnormally 
coloured (reddish-pink) and clearly demarcated from the 
underlying muscle and connective tissue*. All other solid 
tissues from this, and other experimental groups were 
otherwise normal. These findings suggested that unconjugated 
rhodamine was cleared from the circulation via the excretory 
* The excretory system in the chiton consists of a pair of 
large metanephridia with associated canals and diverticula. 
It lies immediately dorsal to the foot musculature (see 
Fig . 3-1), and is separated from the visceral sinus by a 
thin partition. 
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system. 
The second notable observation concerned the colour 
of the haemolymph from the 2 animals injected with rhodamine-
labelled LHP. Again, this was abnormal, and suggested the 
presence of rhodamine. Examination of the cell-free haemolymph 
under a UV source confirmed the existence of specific (orange) 
fluorescence. As this was precipitable by either TCA or 
specific antiserum (rabbit anti-LiolophuPa haemolymph), it 
indicated that haemolymph from these animals still contained 
detectable quantities of the injected conjugate. None of the 
haemolymph samples from the remaining groups contained 
fluorescent material. 
Examination of tissues from animals injected with 
rhodamine conjugated BSA confirmed the earlier findj_ng ( Chapter 
3), that this material was taken up by fixed phagocytes. 
Intense , specific fluorescence attributed to the rhodamine 
conjugate was associated with numerous intracellular vacuoles 
in the neuropedal connective tissue (Fig. 5-lA). In contrast, 
fixed phagocytes in animals injected with rhodamine-labelled 
LHP showed appreciably less evidence of the uptake of the 
Protein conjugate (Fig. 5-lB). Although specific fluorescence 
was also associated with vacuole-like deposits in the neuropedal 
connective tissue, these vacuoles were neither as numerous nor 
as clearly defined as those observed in animals injected with 
BSA. In addition, the intensity of the fluorescence from 
Vacuoles containing labelled LHP was clearly less than that 
emanating from vacuoles containing rhodamine conjugated BSA. 
Tissues from animals injected with unconjugated 
thodamine were similar to those from noninjected animals (see 
-. 
,• 
. . 
. . 
~ I 
.. 
,, 
... . 
. 
... 
:, . 
Fig. 5-1 
Fig. 5-lA. Transverse section through the neuropedal 
connective tissue, 24 hours after the injection of 
rhodamine-labelled BSA. Intense, specific fluorescence 
attributed to the rhodamine conjugate was associated with 
numerous phagocytic vacuoles. 
Unstained 
Magnification: x 500 
Fig. 5-lB. Transverse section through the neuropedal 
connective tissue, 24 hours after the injection of an 
equivalent quantity of rhodamine-labelled LHP. The 
intensity of the specific fluorescence was clearly less 
than that emanating from phagocytic vacuoles containing 
rhodamine-labelled BSA (Fig. 5-lA). 
Unstained 
Magnification: x 500 
Fig. 5-lA 
Fig. 5-lB 
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Fig. 3-SA). Both were devoid of specific (orange) fluorescence. 
In view of earlier observations suggesting the excretion o f 
free rhodamine, the failure to detect fluorescent materi a l in 
the nephridia is puzzling. However, in spite of the uncertain 
fate of this material, the most critical observation concerns 
its absence from phagocytic cells. As a result, the observed 
differences between the in vivo behaviour of rhodamine-
labelled LHP and rhodamine-labelled BSA, are unlikely to have 
resulted from the accumulation of rhodamine uncoupled from 
the protein carriers in vivo , and then subsequently taken up 
by phagocytic cells. 
The results of this experiment suggest that 
Lioloph ura phagocytic cells can differentiate between homo-
specific protein (LHP) and BSA. 
5-3 The clearance of LHP and BSA ~n vivo• 
The results of the previous experiment (Section 
5-2) suggest that Li o l ophura phagocytic cells can distinguish 
between LHP and BSA. While based primarily on evidence o f 
the differential uptake of BSA and LHP by phagocytic cel ls , 
the conclusion is supported by the demonstration of pers i s tent 
(specific) fluorescence in the haemolymph of animals injecte d 
with LHP, but not in those injected with BSA. These observa-
tions suggest that BSA was removed from the circulation more 
rapidly than LHP. 
In order to examine this aspect of the in vivo 
behaviour of the 2 proteins in greater detail, two groups, 
each containing 6 animals, were injected as before with the 
Protein conjugates. At 1, 6 and 12 hours post-injection, 
Pairs of animals from each group were bled, and pieces of foot 
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were obtained for histological examination. At the conclus i on 
of the experiment, all (cell-free) haemolymph samples were 
assayed for residual fluorescent activity (see Chapter 2). 
Table 5-1 includes the mean concentration of 
rhodamine (as determined from the standard curve) at 1, 6 and 
12 hours post-injection, for both experimental groups. In 
the right hand column, the mean activity in 1, 6 and 12 hour 
samples for each group is expressed as a percentage of the 
activity observed in the respective 1 hour samples. The 
Table 5-1 
Mean concentration of rhodamine-labelled LHP and BSA in the 
haemolymph at 1, 6 and 12 hours post-injection. 
Protein Time of Rhodamine Concentration 
Injected Sample (hrs) A Measured* Percent* 
Rhodamine 1 73.5 100 
Labelled 6 76.1 103.5 
LHP 12 66.3 90.2 
Rhodamine 1 104.0 100 
Labelled 6 45.3 43.6 
BSA 12 17.2 16.5 
*A - Mean value of 2 animals, as determined from 
standard curve. 
B 
*B - Relative to the mean concentration in respective 
1 hour samples. 
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results of this experiment indicate an approximate 10% loss 
in the activity attributable to labelled LHP, during the 
interval 1-12 hours post-injection (upper half, Table 5-1). 
In contrast, the loss in activity in animals injected with 
labelled BSA ( lower half, Table 5-1) amounts to approximately 
84% during the same time interval. Clearly, BSA is removed 
from the circulation at a substantially faster rate than the 
homospecific protein (LHP). 
Parallel examination of tissues from these animals 
provides a clear-cut cellular basis for this difference. At 
1 hour post-injection, very little specific intracellular 
fluorescence was observed in animals injected with LHP, 
whilst in animals injected with BSA, the accumulation of 
label was well advanced. This difference became progressi ve ly 
greater with time. By 12 hours post-injection, intense 
accumulations of specific fluorescence were apparent in 
animals injected with labelled BSA (Fig. 5-2A). In contrast, 
relatively little specific intracellular fluorescence was 
seen in chitons injected with the homospecific prote i n 
conjugate (Fig. 5-2B), and the observed fluorescence was 
mainly attributed to the non-specific background. 
~4 The clearance of LHP and BSA in individual specimens . 
The results of the previous experiment suggest a 
clear-cut difference in the rate of clearance of homo- and 
heterospecific protein, together with an apparent cellular 
basis for this difference. However, in estimating the rate 
of clearance of labelled protein based on determinations of 
the fluorescent activity in haemolymph samples from different 
specimens, it was tacitly assumed that the initial concen-
tration of label (and hence the haemolymph volume) was 
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Fig. 5-2 
Fig. 5-2A. Transverse section through the neuropedal 
connective tissue, 12 hours after the injection of 
rhodamine-labelled BSA. 
Unstained 
Magnification: x 500 
Fig. 5-2B. Transverse section through the neuropedal 
connective tissue, 12 hours after the injection of 
rhodamine-labelled LHP (white arrows indicate auto-
fluorescent dark bodies of globular cells; PN pedal 
nerve). 
Unstained 
Magnification: x 500 
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identical in all specimens in each of the 2 groups. 
Obviously this is unlikely to have been the case. 
In order to overcome this objection, the rate of 
clearance of the 2 rhodamine-labelled proteins (LHP and 
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BSA) was determined in individual animals. Two groups, each 
containing 5 chitons, were again injected with the protein 
conjugates (1 conjugate per group), and haemolymph samples 
were obtained from all 10 specimens at 1 and 11 hours post-
injection. At the conclusion of the experiment, each (cell-
free) sample was assayed for fluorescent activity. The 
values obtained (as determined from the standard curve) are 
included in Table 5-2. In the right hand column (Table 5-2), 
the activity in 11 hour samples is expressed as a percentage 
relative to the activity in respective 1 hour samples. 
Based on mean values for the 5 separate determina-
tions in each group, the relative activity in 11 hour samples 
was found to be 87.8 ± 14.2% in animals injected with LHP, 
and 19.9 ± 2.5% in animals injected with BSA. The difference 
between these values is highly significant (P = 0.002) . 
Clearly, the results of this experiment confirm the previous 
finding that rhodamine-labelled BSA is cleared from the 
circulation at a significantly faster rate than rhodamine-
labelled LHP. 
2:5 Discussion. 
In an attempt to show that the phagocytic response 
Was specifically directed against foreign material, the 
in vivo behaviour of a heterospecific protein (BSA) was 
compared with that of a "self" marker (LHP) • Collectively , 
the experiments described above indicate that rhodamine-
... 
. 
. ~
• 
". 
. 
.. 
... 
Table 5-2 
Rate of clearance of rhodamine-labelled LHP and BSA in indi -
vidual specimens. 
Protein Spec. Rhodamine Concentration 
Injected No. 
1 hr 11 hr %* 
( 1) 90.5 80.2 88.6 
Rhodamine ( 2) 152.2 78.8 51. 8 
Labelled ( 3) 50.2 39.4 78.5 
LHP ( 4) 80. 2 111. 4 138.9 
( 5) 90.5 73.5 81. 2 
Mean ± S.E. 87.8 ± 14.2 
( 1) 78.8 15.0 19.0 
Rhodamine ( 2) 73.5 15.0 20.4 
Labelled ( 3) 50.2 6.7 13.3 
BSA ( 4) 46.9 13.5 2 8. 8 
(5) 86.0 15.4 17.9 
Mean ± S.E. 19.9 ± 2.5 
* 11 hour activity expressed as a percentage of the 
corresponding 1 hour activity. 
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labelled BSA was rapidly removed from the haemolymph, and 
that the rate of removal was closely correlated with the 
uptake of label by phagocytic cells. In contrast, relatively 
little rhodamine labelled LHP was removed during the same 
time interval, and correspondingly little was taken up by 
phagocytes in the neuropedal connective tissue. 
In view of the apparent differential behaviour of 
these 2 proteins in vivo, the experiments suggest that 
Li o l ophura phagocytic cells can discriminate between LHP and 
BSA. Similar conclusions were reported by Hilgard and 
Phillips (1968) following clearance studies in the sea urchin 
Strongyloaentrotus purpuratus. In these studies, 1 4 C-BSA 
and 14 C-HSA were each removed from the coelomic fluid more 
rapidly than 1 4 C-labelled S. purpuratus molecules. 
However, as the above interpretation is based on 
comparisons between the relative rates of removal of LHP and 
BSA, it could be argued that the observed difference between 
the i n vivo behaviour of the 2 labels, is the result of a 
dilution effect of the homospecific label (LHP). When 
considered in terms of the absolute quantities of protein 
involved, an entirely different picture emerges. In animals 
injected with BSA, approximately 80% of the labelled inoculum 
(2.3 mg protein) was cleared during the interval 1 to 11 hours 
Post-injection, indicating that approximately 2 mg of BSA 
Was taken up by phagocytic cells. If all molecules were 
labelled, then phagocytic vacuoles containing a number of 
molecules would be intensely fluorescent due to the local 
concentration of rhodamine. This proposition is consistent 
With the experimental observations. 
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In considering the in vivo behaviour of LHP, 
approximately 10% of the inoculum (15.3 mg of prote i n) was 
cleared during the same time interval. Assuming a haemo lymph 
volume of 6.0 mls (see Appendix 1) and a protei n concentra-
t i on of 30 mg/ml*, then after injection of the test i nocul um , 
the total haemolymph protein content in these ani mals was o f 
the order of 200 mg (6 x 30 + 15). If the labelled molecul e s 
were representative of all molecules present, then the clear -
ance data suggests that phagocytes removed 10%, or 20 mg o f 
protein during the interval concerned. In absolute terms, 
t h is amounts to the clearance of 10 times as much haemolymph 
protein as BSA, and hardly supports the claim that phagocytic 
cells discriminate between LHP and BSA. Again, the experi -
mental observations are in many ways consistent wi th this 
interpretation. If phagocytes were to accumulate label a t the 
calculated rate, the observed fluorescence would appear l e ss 
intense (relative to BSA), as for every molecule of labelled 
LHP taken up, >10 molecules of unlabelled LHP would also be 
taken up. This amounts to a dilution effect of the fluore scent 
mat erial. 
However, in making the calculations outlined above, 
i t was assumed that the behaviour of both labelled and 
unlabelled LHP was the same, and that the uptake of haemolymph 
Protein was a random process. If, on the other hand, the 
removal of LHP was "selective" (i.e. directed towards fore ign 
or damaged "self" components), it is possible that the re sponse 
* Protein determinations on several samples of pooled haemo-
l ymph yielded values between 27 and 30 mg/ml. 
.. 
' 
1 J• t 
79 
may be more or less specifically directed agai nst the labelled 
LHP. In this situation, the quantity of protei n taken up by 
phagocytes would be considerably less than that calculated 
on the basis of a random process. Again, the e xperimental 
observations are also consistent with this interpretati on. 
Before dismissing the argument just outlined as 
being contrary to generally accepted dogma concerning the 
behaviour of tracers, it should be pointed out that the 
proteins used in these studies were of allogeneic origin, a nd 
t h us in the strict sense, should be regarded as "not self" . 
As Liol ophura phagocytic cells can distinguish between i mmuno-
chemically similar molecules (Chapter 8), it is not 
inconceivable that they should also distinguish between 
proteins of autologous and allogeneic origin. Should t hi s 
occur, the recognition of rhodamine-labelled LHP may be 
considered "selective". 
Direct evidence in support of the "selective" 
hypothesis comes from the previous electron microscopic 
examination of phagocytic cells (Chapter 4). Whi le not 
dis counting the possibility that phagocy tes are respons i b le 
for the removal of small quantities of h aemoly mph p rotei n, 
the ultrastructural studies provided no evidence for th§ 
uptake of protein on a scale envisaged by the calculat i ons 
bas ed on random removal. Had this occurred, the majori t y 
of cells would have contained large numbers of phagocy t i c 
vacuoles enclosing material similar to the haemolymph 
background. 
Thus while the ultrastructural evidence favours 
t he "selective" hypothesis, it should also be borne i n mind 
that the injection of 15 rrgof . LHP(which results in a 10 % 
.. 
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elevation in the haemolymph protein concentration), may 1n 
itself invoke (other?) homeostatic mechanisms designed to 
restore the normal protein balance. Under these circum-
stances , the "random" removal of 10% (i.e. 20 mg) of the 
total haemolymph protein could be readily accounted for. 
In the light of these arguments it is considered 
that the observed differential behaviour of LHP and BSA 
i n vivo was unlikely to have resulted from the dilution of 
LHP, but was based on the ability of LioZophura phagocytes 
to discriminate between the proteins employed. 
5-6 Summary. 
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Rhodamine-labelled BSA was rapidly cleared from 
the circulation, and the rate of removal was closely 
correlated with the uptake of fluorescent material by 
phagocytic cells. In contrast, relatively little rhodamine-
labelled LHP was cleared from the haemolymph during the same 
time interval, and correspondingly little was taken up by 
phagocytic cells. These observations indicate that 
Lio Zophura phagocytic cells discriminate between homo-
specific protein (LHP) and BSA. 
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CHAPTER 6 
A METHOD FOR MEASURING THE DISCRIMINATION 
BETWEEN HOMO- AND HETEROSPECIFIC PROTEIN IN VIVO 
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A METHOD FOR MEASURING THE DISCRIMINATION BETWEEN 
HOMO- AND HETEROSPECIFIC PROTEIN IN VI VO 
6-1 Introduction. 
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In the previous chapter it was shown that rhodamine-
labelled BSA was removed from the circulation at a substant-
ially faster rate than rhodamine-labelled LHP, and a cellular 
basis for this difference was clearly established. These 
observations indicated that Liolophura phagocytic cells could 
discriminate between LHP and BSA. In view of these findings, 
it was of interest to measure the magnitude of this discrim-
ination, and to compare the findings with values obtained 
from other LHP-heterospecific protein combinations. In th i s 
way it was hoped to assess the extent to which different 
heterospecific proteins were recognized as foreign. 
Although a "rough" measure of the discrimination 
between LHP and BSA can be obtained from the previous clear -
ance data (Chapter 5), the photometric method of tracing the 
eli mination of rhodamine-labelled proteins was subject to a 
number of limitations. Firstly, it was crude and insensitive 
compared with other available tracer methods, and it required 
the injection of relatively large amounts of protein. 
Secondly, as only one protein could be introduced (per 
specimen) at a time, comparisons between the in v i vo 
behaviour of 2 or more proteins depended on indirect 
(statistical) comparisons between the behaviour of each, in 
different groups of animals. 
To overcome these limitations, homospecific and 
heterospecific proteins were labelled with 12 5 I and 13 I 
' • 
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respectively, in place of rhodamine. With these materials it 
was then possible to monitor the behaviour of both proteins 
in the same animal, and gain a direct measurement (at any 
parti cular time), of the difference between them. In 
addition, the isotope technique permitted the use of small 
and carefully controlled quantities of protein, and was both 
highly sensitive and reproducible. 
As the experiments reported in the latter half of 
this thesis are mainly concerned with the in vivo behaviour 
of isotopically labelled proteins, the present chapter 
includes a detailed account of the protocol adopted for those 
experiments together with an evaluation of the errors 
involved. In the course of this outline, the in vivo 
behaviour of LHP and BSA was again compared. 
6-2 Experimental procedures. 
LHP and BSA were iodinated with 1 25 I and 131 I 
respectively (Chapter 2), and adjusted to a final protein 
concentration of 1 mg/ml. To prepare inocula, 1 25 I-LHP and 
I 3 1 I-BSA were mixed in equal proportions to a total volume of 
3.0 ml, and where necessary, 74.4 mg NaCl was added to make 
the inoculum isotonic with Liolophura haemolymph (3.05 % with 
respect to NaCl) . 
After thorough mixing, 4 animals were each injected 
With 0.5 ml of the above inoculum, each animal thus receiving 
0,25 mg of both labelled proteins. Immediately after injection 
animals were returned to aquaria (2 per tank). The remaining 
"inoculum" (approx. 1.0 ml) was stored at 4°C until the con-
clusion of the experiment, when it was also counted (together 
With haemolymph samples) to determine the inoculated activity 
• 
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with respect to both isotopes. 
Haemolymph samples (0.3 ml) were obtained from each 
specimen at 1, 6 and 11 hours post-injection. After remov a l 
of haemocytes, the cell-free samples were stored at 4° C until 
the conclusion of the experiment. 
Assay of haemolymph samples and inoculurn. The 12 
haemolymph samples, together with a 1 in 20 dilution of the 
inoculum, were simultaneously assayed for the total and 
protein-precipitable radioactivity attributable to both 
isotopes. Two series of counting tubes (Camelec disposable 
"Wasserman" tubes) each containing 0.5 ml saline and 0.05 ml 
protein carrier (2% BSA in saline) were set up. Each series 
contained 15 tubes. 0.1 ml of each haemolymph sample was 
added to each of the first 12 tubes in both series, and 0. 1 
ml of the dilute "inoculum" was added to each of the 
remainder. All transfers were made using 100 µ l capillari e s 
(Drummond microcaps), and the contents of each capillary wa s 
washed into the appropriate counting tube. 
2.0 ml cold (4°C) TCA was added to each tube in 
series one, and after thorough mixing, the tubes were 
maintained at 4°C for 2 hours to allow complete precipitation 
of protein. The second series of tubes were held at room 
temperature during this period. 
At the conclusion of the precipitation period, all 
tubes in the first series were gently spun (500 g, 5 rains) 
and the supernatant was discarded. The precipitate was then 
resuspended in 2.0 ml cold TCA, and respun as before. After 
again discarding the supernatant, the precipitate was finally 
dissolved in 0.5 ml of ammonia solution. 
. 
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Tubes from both series together with blanks and 
131 I standards, were then simultaneously assayed for both 
125 I-LHP and 131 I-BSA activity in a Packard autogamma coun ter. 
Each tube was counted for 10 minutes. 
6-3 Treatment of data. 
For each of the 30 samples, total (10 minute) counts 
were tabulated for both isotopes. These were then expres sed 
as counts per minute (cpm) and corrected for respect ive 
background. Due to overlap of the 12 5 I and 131 I energy 
spectra, the 12 5 I-LHP data had to be corrected for a small 
(approx . 10 %) overflow of 131 I activity. The extent of thi s 
overflow was calculated for the 131 I-BSA activity in each 
sample , and the value obtained was subtracted from the 
corresponding 125 I-LHP data. 131 I standards included with 
each experiment, provided a day to day estimate of this one-
way overflow. From the 2 sets of (corrected) data obtained , 
the in vivo behaviour of the 2 labelled proteins can now be 
traced. 
The in vivo behaviour of 125 I-LHP. Table 6-1 
includes the protein precipitable 125 I-LHP activity in 1, 6 
and 11 hour samples from each of the 4 specimens. The left 
hand side of each "Time" column includes the TCA precipitable 
activity expressed as (corrected) cpm. In the right hand side 
of the 6 and 11 hour "Time" columns, the observed activi t y is 
expressed as a percentage of the activity present in the 
corresponding 1 hour sample for each specimen. The bottom 
line of Table 6-1 includes the mean percentage activity, 
together with associated standard error for each time of 
sample. 
' . 
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Table 6-1 (opposite) 
TCA precipitable 125 I-LHP activity in 0.1 ml haemolymph 
samples obtained 1, 6 and 11 hours after the injection of 
0.25 mg 125 I-LHP and 0.25 mg 131 I-BSA. 
*Estimated haemolymph volume, ml (see text). 
125 I-LHP specific activity in inoculum 
was 517, 800 cpm. 
Table 6-2 (opposite) 
TCA precipitable 131 I-BSA activity in 0.1 ml haemolymph 
samples obtained 1, 6 and 11 hours after the injection of 
0.25 mg 125 I -LHP and 0.25 mg 131 I-BSA. 
*Estimated equilibration activity, cpm/100 µ l 
( see text) . 
¢The probability that the 131 I-BSA activity in 
6 and 11 hour samples is the same as the 125 I-LHP activity 
in 6 and 11 hour samples (Table 6-1). 
131 I-BSA specific activity in inoculum 
was 1,135,000 cpm. 
Table 6-3 (opposite) 
Estimated Discrimination (" ti ") between 125 I-LHP and 
131 I-BSA at 1, 6 and 11 hours after the injection of 
0.25 mg 125 I-LHP and 0.25 mg 131 I-BSA. Each value was 
obtained by subtracting the percent 131 I-BSA activity 
(Table 6-2) from the corresponding 125 I-LHP activity 
(Table 6-1). 
A 
Ani 
N 
(1 
(2 
( 3 
(4 
Est. Animal H/L No. Vol.* 1 hour 
( 1) 4.41 11734 
( 2) 3.85 13437 
( 3) 5.50 9408 
( 4) 4.53 11429 
Mean±S. E. 100.0 
Est. Animal Equil. No . Act.* 1 hour 
( 1) 25737 6032 23.4 
(2) 29481 7921 26.7 
( 3) 29636 5969 2 8. 9 
( 4) 25055 5737 22.9 
Mean±S. E. 25.5 ± 1. 4 
Probability¢ 
!Animal No. 61 
-
( 1) 76.6 
(2) 73.3 
( 3) 71.1 
(4) 77.1 
Mean±S .E. 74.5 ± 1. 4 
-
Time of Sample 
6 hour 
11849 101. 0 
12661 9 4. 2 
8603 91. 4 
11949 104.5 
97.8 ± 3.0 
Time of Sample 
6 hour 
1512 5.9 
1813 6.1 
1174 5.7 
2634 10.5 
7.1 ± 1. 2 
0.00003 
66 
95.1 
88.1 
85.7 
94.0 
90.7 ± 2.3 
11 hour 
12401 105.7 
10599 78.9 
7993 85.0 
10637 93.1 
90.7 ± 5.8 
11 hour 
909 3.5 
810 2.7 
660 3'. 2 
929 3.7 
3. 3 ± 0.2 
0. 0 00 8 
611 
102.2 
76.2 
81. 8 
89. 4 
87.4 ± 5.6 
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These results indicate that 1 25 !-LHP was only 
slowly eliminated from the haemolymph during the interval 
1-11 hours post-injection, with approx. 90% of the measured 
activity at 1 hour remaining in the circulation at 11 hours. 
Assuming that the rate of elimination was constant for the 
duration of the experiment (0-11 hrs), then the observed 
1 hour count can be used as an estimate of the "equilibration 
count" for 125 !-LHP in each specimen (see Section 6-5 for 
discus sion). The 1 hour "equilibration count" can then be 
used in association with the known protei n precipitable 
12 5 !-LHP activity in the inoculum (determined as the mean of 
three separate determinations), to calculate the haemolymph 
volume for each of the 4 specimens. The values obtained are 
included in Table 6-1. 
The in vivo behaviour of 13 1 !-BSA. In order to 
examine the behaviour of the heterospecific protein ( 3 !-
BSA), the inoculated activity (determined as for 12 5 !-LHP ), 
was divided by the haemolymph volume (calculated above), to 
give an estimate of the (theoretical) "equilibration count" 
for 1 3 I-BSA in each specimen. The figures obtained 
(expressed as cpm per 100 µ1) were then compared with the 
observed protein-precipitable 131 !-BSA activity in 1, 6 and 
11 hour samples from each specimen (Table 6-2). Again, the 
left hand side of the 1, 6 and 11 hour "Time" columns 
(Table 6-2) includes the observed TCA precipitable 1 3 · !-BSA 
activity (expressed as corrected cpm), while in the right 
hand side, the observed activity is expressed as a percent-
age of the estimated "equilibration count" for 13 1 I-BSA. 
The middle row of Table 6-2 includes the mean 
' 
-
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percentage activity (together with standard error) at each of 
the 3 sample times. From this data it is evident that 
131 I-BSA was rapidly cleared from the c irculation (in contrast 
to 
1 25
I-LHP), and by 11 hours post- i nject ion, only 3 . 3 ± 0.2% 
of the "initial" activity remained. At both 6 and 11 hours 
post- i njection, the difference between the activity attribut-
able to 1 2 5 I-LHP (Table 6-1) and 131 I-BSA (Table 6-2 ) , was 
statistically significant (P < 0.05, bottom line, Table 6-2). 
The clearance of 125 I-LHP and 131 I-BSA. In all, 
the above experiment was performed on 3 separate occasions 
with essentially the same results being obtained each time. 
In comparing the 3 experiments, differences between the 
activity attributable to 125 I-LHP at 6 and 11 hours post 
injection were not statistically significant (P > 0.05), 
neither were differences in the activity attributable to 
131
I-BSA at 1, 6 and 11 hours post-injection. As a result, 
the 3 sets of (individual) data were pooled, and the overall 
mean (and standard error) was determined for both proteins 
at each time of sample. The figures obtained are illustrated 
graphically in Fig. 6-1, the upper curve showing the i n vivo 
behaviour of LHP, and the lower curve, the behaviour of BSA. 
Clearly, the 2 proteins behave in a very different 
manner in vivo . While LHP was slowly cleared from the haemo-
lymph, BSA was almost totally eliminated during the same 
time i nterval. Almost identical results were obtained in a 
similar experiment in which 131 I-Human Serum Albumin (HSA) 
Was used in place of BSA as the heterospecific protein 
(Fig. 6-2), and both sets of data are cons is tent with previous 
findings (Chapter 5) suggesting the existence of a mechanism 
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Fig. 6-1 
Comparative elimination curves illustrating the 
clearance of 125 !-labelled Liolophura haemolymph 
protein (LHP) and 131 !-BSA (BSA) in chitons 
(Liolophura gaimardi) simultaneously injected with 
0.25mg 1 25 !-LHP and 0.25mg 131 !-BSA. Both curves 
are based on the pooled results of 3 replicate 
experiments, employing a total of 12 animals. 
Vertical lines indicate the standard error of the 
mean. 
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10 
Comparative elimination curves illustrating the 
cle arance of 125 I-labelled Liolophura haemolymph 
protein (LHP) and 1 31 I-HSA (HSA) in chitons 
(Liolophura gaimardi) simultaneously injected with 
0.25mg 125 1-LHP and 0.2Smg 13 1I-HSA. Each point 
represents the mean value of 4 animals, vertical 
lines indicate the standard error of the mean. 
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Fig. 6-3 
Discrimination curve illustrating the differential 
clearance of 13 1 1-BSA (upper curve) relative to 
125!-LHP (= zero, lower broken line). This curve 
was based on data presented in Table 6-3. The 
method of evaluation is outlined in the text 
(Section 6-4). Vertical lines indicate the standard 
error of the mean. 
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allowing Liolophura phagocytic cells to discriminate between 
homospecific (LHP) and foreign proteins (BSA and HSA). 
6-4 Presentation of Data. 
In the following chapters the experimental system 
outlined above has been used as a tool to investigate the 
discriminatory behaviour of Liolophura phagocytic cells. 
As the data obtained may be presented in a number of ways, 
the following discussion includes an outline of each. 
Comparative elimination curves. In this, the most 
simple form, data is presented in the manner illustrated by 
Figs 6-1 and 6-2. In other words, i t includes a direct 
graphical comparison depicting the ~n vivo behaviour, or the 
kineti cs of elimination of both the homospecifi c (LHP), and 
the heterospecific protein. However, as will become apparent 
in subsequent discussion (Section 6-5), this form of 
presentation includes the maximum component of error. 
Discrimination curves. By subtracting the residual 
(percentage) heterospecific protein activi t y from the corres-
ponding homospecific (LHP) activity for each sample, a direct 
measurement of the difference in the in vivo behaviour of the 
2 proteins may be obtained. These values provide an estimate 
of the magnitude of the differential reactivity (or the 
degree of discrimination) between the 2 proteins at the time 
of sample, and are conveniently designated by the symbol 
" l'I" (for "Discrimination"). Based on the data presented in 
Tables 6-1 and 6-2, individual values of 11 6 11 at 1, 6 and 11 
hours post-injection were calculated, and the values obtained 
are included in Table 6-3. The mean values (Table 6-3) may 
then be plotted as a "Discrimination curve", as has been done 
. 
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in Fig. 6-3. 
When plotted in this form (Fig. 6-3), the rate o f 
elimination of LHP is in effect made equal to zero, and the 
rate of elimination of the heterospecific protei n (BSA) is 
expressed relative to the rate of elimination of LHP. This 
then enables direct comparisons between different experi -
mental groups, or between similar experiments performed unde r 
different conditions. The manipulation has the added 
advantage of causing a reduction in the margin of error due 
to sampling (Section 6-5). 
Tables of "Li". Where the in vivo behaviour of 
several heterospecific proteins is to be compared, this may 
be achieved by tabulating the mean values of "Li" for any one 
of the indicated sampling times (but usually at 11 hours 
post-injection). Between-group comparisons can also be made 
by comparing intergroup "Li" values, and differences may be 
assessed in terms of the student "t" test. 
6-5 Evaluation of Errors. 
In common with all experimental procedures, the 
method outlined in the foregoing discussion is subject to 
various sources of error. In order to evaluate the magnitude 
of the error component, the in v i vo behaviour of 125 I-LHP 
and 131 I-LHP was compared. In this situation, the two isotopes 
should behave in an identical manner in vi vo, and there should 
be zero ("Li"= O) discrimination between them. Any discrep-
ancy can then be used as an estimate of error. The experiment 
Was performed in accordance with the procedure outlined above, 
With the exception that each of 4 animals received 0.25 mg 
131 I-LHP in place of BSA. The data obtained is recorded in 
.. 
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Table 6-4 ( 125 I-LHP)' Table 6-5 ( 131 I-LHP)' and Table 6-6 
(values of "6" at 1, 6 and 11 hours post-injection). 
Comparison of the mean percentage activity in 1, 
89 
6 and 11 hour samples for both 125 I-LHP and 13 I-LHP (Tables 
6-4, 6-5) indicates that the 2 isotopes behaved in a similar , 
i f not identical, manner in vivo. At both 6 (P = 0.91), and 
11 hours (P = 0.97) post-injection, the differences between 
the observed values are not significant (Table 6-5). However, 
closer examination of Tables 6-4 and 6-5 reveals a potential ly 
s i gnificant source of error in the technique. In Table 6-4, 
t he 1 25 I-LHP activity in 6 hour samples from specimens 1 and 
2, and in 11 hour samples from specimens 2 and 4, all exceed 
t hat present in the respective 1 hour samples (i.e. > 100%). 
Thi s can only be attributable to experimental error, which 
could have arisen: 
(a) in obtaining the haemolymph samples 
(b) in using subsamples of (a) for subsequent processing 
(c) during counting. 
An independent assessment of the errors associated 
with both subsampling (b) and counting (c), revealed that 
these sources generally account for an error of less than 1 %. 
It therefore seemed likely that the error arose in obtaining 
the initial haemolymph samples, and was probably due to 
incomplete equilibration of label during the first hour post-
injection. 
In examining the in vi vo behaviour of 131 I-LHP 
(Table 6-5) it is evident that an error of almost identical 
magnitude occurs in precisely the same samples as referred to 
above. This in itself argues in favour of an error introduced 
~ 
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Table 6-4 (opposite) 
TCA precipitable 125 I-LHP activity in 0.1 ml haemolymph 
samples obtained 1, 6 and 11 hours after the injection of 
0.25 mg 12 5 I-LHP and 131 I-LHP. 
*Estimated haemolymph volume, ml. 
1 25 r-LHP specific activity in inoculurn 
was 481,000 cpm. 
Table 6-5 (opposite) 
TCA precipitable 131 I-LHP activity in 0.1 ml haemolymph 
samples obtained 1, 6 and 11 hours after the injection of 
0.25 mg 125 I-LHP and 131 I-LHP. 
*Estimated equilibration activity, cpm/100 µ l. 
¢The probability that the 131 I-LHP activity in 
6 and 11 hour samples is the same as the 1 2 5 I-LHP activity 
i n 6 and 11 hour samples (Table 6-4). 
131 I-LHP specific activity in inoculurn 
was 277,900 cpm. 
Table 6-6 (opposite) 
Estimated Discrimination (" l} ") between 125 I-LHP and 
131 I-LHP at 1, 6 and 11 hours after the injection of 
0.25 mg 125 I-LHP and 0.25 mg 131 I-LHP. 
An 
Ani 
N 
ean 
rob 
nim 
Me a 
Est. Animal H/L No. Vol.* 1 hour 
( 1) 9. 76 4929 
( 2) 8. 6 8 5540 
( 3) 4.73 10166 
( 4) 8.33 5774 
Mean±S. E. 100.0 
Est. Animal Equil. No. Act.* 1 hour 
( 1) 2 84 7 2944 10 3. 4 
( 2) 3201 3145 98.3 
( 3) 5875 5950 101. 3 
( 4) 3336 3388 101. 6 
Mean±S. E. 101.2 ± 1.1 
IProbabi li ty¢ 
!Animal No. 61 
~ 
( 1) 
-3.4 
( 2) 1. 7 
( 3) 
-1. 3 
( 4) 
-1.6 
I,,._ 
Mean±s. E. 
-1.1 ± 0.1 
I,,._ 
Time of Sample 
6 hour 
5050 102.5 
5673 102.4 
8729 85.9 
5478 94.9 
96.4 ± 3.9 
Time of Sample 
6 hour 
29 85 104.9 
3211 100.3 
5126 87.3 
3192 95.7 
9 7 .1 ± 3.8 
0.91 
66 
-2.4 
2.1 
-1. 4 
-0.8 
-0.6 ± 0.1 
11 hour 
4761 96.6 
6055 109. ~ 
7835 77.1 
6186 107 .1 
97.5 ± 7.4 
11 hour 
2740 96.2 
3476 10 8. 6 
4599 78.3 
3619 108.5 
9 7. 9 ± 7.2 
0.97 
611 
0.4 
0.7 
-1. 2 
-1. 4 
-0.4 ± 0.1 
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at the time of sampling, rather than the other suggested 
alternatives. However, in calculating values of " 6 " (Table 
6-6), the sampling error (which is conunon to both 125 I-LHP 
and 131 I-LHP) is eliminated from the data, and the residual 
error (indicated by the 11 6 11 values), is that attributable to 
subsampling and counting. In a group of 4 animals, these 
sources account for an error of up to 1% (Table 6-6). 
A further (and hitherto unconsidered) source of 
error was contained in the assumption that the rate of 
elimination of 125 I-LHP was constant, and proceeded at the 
same rate during the first hour post-injection as it did 
during the interval 1-11 hours. This assumption formed the 
basis for calculating both the haemolymph volume, and the 
equilibration activity of the heterospecific protein. 
However, in view of the apparent rapid clearance of both 
131 I-BSA and 1 31 I-HSA during the interval 0-1 hours post-
injection, and their subsequent slower clearance in the 
interval 1-11 hours (see Figs 6-1, 6-2), it would seem that 
the original assumption is highly questionable. 
Whilst the obvious way to overcome this objection 
was to examine the clearance of 12 5 I-LHP during the interval 
0-1 hours, it was thought that any attempt to do this would 
Probably be futile , on account of the sluggish and 
relatively inefficient circulatory system in the chiton, 
and the consequent slow equilibration of label. A similar 
Problem was encountered by Martin et al. (1958), in attempting 
to measure the haemolymph volume of Cryptochiton stelleri . 
In the course of those studies , 1-2 hours was required for the 
equilibration of inulin . 
' • 
' . 
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In an attempt to get around this problem, the 
animals used in these and in all subsequent experiments were 
weighed, and the haemolymph volume (expressed as a percentage 
of the wet body weight without the shell) could then be 
compared with the published estimate of this value (43.8 ± 
8.6%) for Cryptoch i ton (Martin et aZ., 1958). In LioZophura, 
the mean volume to total body weight ratio was found to be 
26.3 ± 0.8% (see Appendix 1). When this value was corrected 
to exclude the shell weight (which comprised 37.9 ± 3.1% o f 
the total body weight), the volume to weight (without the 
shell) ratio was found to be 42.6 ± 2.3%. Clearly, this 
figure is in close agreement with the published estimate for 
Cryptochiton (Martin et aZ., 1958). 
In the light of these findings it is considered 
that the calculated haemolymph volume provides a realisti c 
estimate of the true haemolymph volume in LioZophura , and 
there is no evidence for the rapid clearance of 12 5 I -LHP 
during the first hour post-injection. As a result, the 
125
I -LHP activity in 1 hour samples provides an acceptable 
estimate of the haemolymph volume, together with a reference 
Point for determining the in vivo behaviour of the hetero-
specific protein. By assuming that the rate of elimination 
of 125 I-LHP was constant in the interval 0-11 hours, the 
error associated with the use of the 1 hour count as an 
estimate of the equilibration activity (at time= zero) 
amounts to approximately 1%. 
t.§__ S urnrnary • 
The present chapter describes an improved technique 
for simultaneously monitoring the clearance of homo- and 
. 
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heterospecific protein in the same animal. In the exper i ments 
reported , it was shown that 125 I-LHP was slowly cleared from 
the haemolymph, and by 11 hours post-injection the haemolymph 
retained 90-97% of the activity present in 1 hour samples. In 
contrast, the clearance of both 131 I-BSA and 1 31 I-HSA was 
rapid, and in each case only 3% of the estimated equilibration 
activity was detectable at 11 hours post-injection. The 
results of these experiments are similar to those reported 
previously (Chapter 5), and again indicate that Liolophura 
phagocytic cells discriminate between LHP and heterospecific 
protein. 
By subtracting the heterospecific protein activity 
from the corresponding LHP activity in any particular sample, 
t he value obtained (designated by "6") provides a quantitative 
estimate of the extent to which phagocytic cells discriminate 
between the proteins concerned. In determining values of 11 1:J. 11 
based on the i n vi vo behaviour of 12 5 I-LHP and 131 I-LHP, i t 
was shown that the major source of error (due to sampling) 
was eliminated from the data. The residual error (amounting 
to less than 1%) was mainly attributable to in vitro 
Procedures associated with the analysis of haemolymph samples. 
. 
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CHAPTER 7 
FACTORS AFFECTING THE BEHAVIOUR OF HOMO-
AND HETEROSPECIFIC PROTEINS IN VIVO 
'• 
•• 
FACTORS AFFECTING THE BEHAVIOUR OF 
HOMO- AND HETEROSPECIFIC PROTEINS IN VIVO 
7-1 Introduction. 
93 
In manunals, the rate of clearance of colloidal 
material by the reticuloendothelial system is a function of 
the injected dose of colloid (Benacerraf et a l ., 1957). 
For each species, there is a certain dose (the so-called 
"critical" dose) below which the rate of clearance of colloi d 
is constant, maximal and independent of the injected dose, 
and above which, the rate of clearance is inversely propor-
t i onal to the dose of colloid injected (Benacerraf et a l ., 
1957). Although dose-response studies have apparently never 
been attempted in invertebrates, there is at least some 
evidence to suggest that the clearance of foreign colloids 
may follow a similar pattern (Martin et a l ., 1958). 
As it was intended to compare the behaviour of a 
number of heterospecific proteins in vi vo, it was necessary 
to establish conditions under which the clearance of prote i n 
was maximal, and thus independent of the injected dose. It 
was also important to outline suitable temperature regimes 
under which to perform these experiments, as in a variety 
of situations the activity of invertebrate phagocytes has 
been shown to be temperature dependent (Vago and Vasiljevic, 
1956; Feng, 1965; Tripp, 1970; McKay and Jenkin, 1970; 
Cooper, 19 71) . 
In order to define these conditions, the following 
sections include an examination of the effects of variations 
in dose and temperature on the rate of clearance of homo- and 
# 
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heterospecific proteins. In the final section, the behaviour 
of a number of heterospecific proteins was compared under 
condi tions in which any variation could only be attributed to 
structural differences in the molecules concerned. 
7-2 The in vivo behaviour of varying doses of heterospecific 
prote in. 
In order to determine the conditions under which 
the rate of clearance of heterospecific protein was maximal, 
two series of experiments were performed. In the first, the 
in vivo behaviour of varying doses of HSA was compared with 
the behaviour of a fixed dose of LHP. In the second, the 
behaviour of varying doses of Ischnoradsia haemolymph protein 
(IHP) was also compared with a fixed dose of LHP. IHP was 
selected for these experiments on the basis of preliminary 
findi ngs which had shown that IHP was cleared at a rate only 
slightly faster than LHP, and whose behaviour was therefore 
appreciably different to that of HSA. 
The response to HSA. For the first of these 
experiments, 131 I-HSA (concentration 1 mg/ml) was mixed -
( a) 1 in 10 in saline 
(b) 1 in 2 in unlabelled HSA (1 mg/ml) 
( c) 1 in 2 in unlabelled HSA ( 19 mg/ml) 
( d) 1 in 2 in unlabelled HSA (199 mg/ml). 
Each of the 4 preparations was then mixed 1:1 with 
12 5 I-LHP (1 mg/ml) and groups of animals were injected as 
before. Individual animals in each group thus received 
0.25 mg 125 I-LHP, together with 0.025 mg HSA (group a), 
0.25 mg HSA (group b), 2.5 mg HSA (group c) or 25.0 mg HSA 
(group d). Apart from the variations in dose, the remainder 
. 
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of the experiment was performed in accordance with the previous 
outline (Chapter 6). 
In each of these experiments the in vivo behaviour 
of 125 I-LHP was found to be similar, and was unaffected by 
the accompanying variable dose of HSA. As a result, the data 
obtained was plotted as a series of Discrimination curves 
(Fig. 7-1) showing the clearance of the variable doses of HSA 
relative to the clearance of LHP. These curves show that 
following the injection of 0.025 and 0.25 mg, the rate of 
clearance of HSA was identical and therefore dose-independent. 
At doses above 0.25 mg however, the rate of elimination of 
HSA became dose-dependent, and the measured discrimination 
("L'I") between LHP and HSA became progressively less. This 
was first apparent in 1 hour samples from animals injected 
with 2.5 mg HSA (Fig. 7-1), where the relative amount of 
HSA eliminated was significantly less than that eliminated 
in animals injected with either 0.025 mg (P = 0.0002), or 
0,25 mg HSA (P = 0.0003). 
In spite of the slower initial relative rate of 
removal however, animals injected with 2.5 mg HSA still 
managed to clear 95% of the injected protein by 11 hours 
Post-injection, and differences between the mean " L'l ll" 
Values for animals injected with 0.025, 0.25 and 2.5 mg HSA 
Were not significant (P > 0.05). In other words, when 
measured in terms of the 11 hour discrimination ( " L'l ll") 
between LHP and HSA, the clearance of HSA was dose-independent 
over a 100 fold range of doses (0.025 to 2.5 mg). Only in 
excess of 2.5 mg does the clearance of HSA (as measured in 
terms of the 11 hour discrimination between LHP and HSA), 
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Fig. 7-1 
Discrimination curves illustrating the effect of 
variations in the dose of HSA on the rate of 
clearance of HSA relative to the clearance of LHP. 
Groups of animals were injected with 0.25mg 125 1-LHP 
together with either 0.025mg, 0.25mg, 2.5mg or 25.0mg 
1 311-HSA (as indicated). 
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become dose-dependent. Differences between the mean " l'i ll" 
values from animals injected with 25.0 mg HSA and each o f t he 
l ower doses, were all highly significant (P < 0.01). 
The response to I schnora d s ia haemolymph protei n. 
The second group of experiments in this series was performed 
in a similar manner to those employing HSA, except that only 
3 groups of animals were included. These were inj ected with 
0 . 025, 0.25 and 1.25 mg 1 31 !-IHP respectively, i n addition to 
the standard dose (0.25 mg) of 125 !-LHP. 
Discrimination curves for the data obtained were 
found to be virtually superimposable, and the d i fference 
between the mean "l'i" values for animals injected with 0.025 
mg IHP (8.7 ± 1.3) and 1.25 mg !HP (5.4 ± 1.2) was not 
statistically significant (P = 0.11). Again these results 
indi cate that the clearance of heterospecific prote i n (!HP ) 
was dose-independent over at least a 50 fold range (0.025 
to 1 .25 mg) of injected material. 
Taken together, the results of thi s and the previous 
experiment indicate that by measuring the discrimination ( " l'i 11" ) 
between LHP and heterospecific protein at 11 hours p ost-
inj ection, the values obtained are independent of the dose o f 
heterospecific protein injected, over a considerable dose 
range. Thus by choosing a dose (e.g. 0.25 mg) within thi s 
range, the rate of clearance (and hence the discrimination 
between LHP and heterospecific protein) is maximal. 
2:_3 The effect of temperature on the in vivo behaviour of 
~mo- and heterospecific protein. 
To further define the optimum conditions for 
measuring the discrimination between LHP and heterospecif i c 
. 
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protein, the in vivo behaviour of LHP and BSA was examined at 
a number of different temperatures. Each experiment was 
performed in a cold room, where aquarium temperatures were 
maintained at 10°, 15°, 20° and 25°C (± 0.5 °C) , by controlling 
the temperature of a surrounding water jacket. Prior to each 
experiment, animals were equilibrated overnight at the 
appropriate temperature, and at the end of the equilibration 
period, each was injected with 0.25 mg of both proteins ( 1 25 1-
LHP and 131 1-BSA). Apart from the temperature variation, the 
experiments were again performed in accordance with the 
previous outline (Chapter 6). 
The results of these experiments are included in a 
series of "comparative elimination curves" (Figs 7-2, 7-3, 
7-4 and 7-5) illustrating the behaviour of both LHP and BSA 
at 25°, 20 ° , 15° and 10°C respectively. Somewhat surpris i ngly, 
these curves suggest that the clearance of LHP was unaffe cted 
by the temperature variations, and at 11 hours post-in j ection 
differences in the mean residual activity attributable to 
12 5 1 -LHP in each of the 4 experimental groups, were not 
statistically significant (P > 0.05 for each comparison). 
In contrast, the clearance of BSA was appreciably 
affected by temperature. This is apparent in both the 
"comparative elimination curves" (Figs 7-2 to 7-5 incl.) and 
in the Discrimination curves (Fig. 7-6) based on that data. 
As the temperature was lowered, there was firstly a slight, 
followed by a progressively rapid decrease in the rate of 
clearance of BSA. At 10°C, the residual activity attribut-
able to 131 I-BSA was significantly greater than in correspond-
i ng samples (at 1, 6 and 11 hours post-injection) from animals 
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Fig. 7-2 
Comparative elimination curves illustrating the 
clearance of 1 2 5 I-labelled Li o l ophu r a haemolymph 
protein (LHP) and 1 3 1 I-BSA (BSA) in chitons 
(Liolophu r a gaimardi) maintained at 25°C. Each 
point represents the mean value of 4 animals, 
vertical lines indicate the standard error of the 
mean. 
• 
11 
• 
-
" • 
,, . 
100 
~ 
-
>- 90 
t: 
> 
I- 80 u 
<( 
....J 70 <( 
=> 
0 60 (/) 
w 
°' 
50 
40 
30 
20 
10 
----·--------------------- f 
-- ---------------\~~------t 
BSA 
•-----.!.I ___ • 
2 3 5 6 7 8 9 
TIME (HOURS) 
Fig. 7-3 
10 
Comparative elimination curves illustrating the 
clearance of 12 5 I-labelled iiolophur a haemolymph 
protein (LHP) and 131 I-BSA (BSA) in chitons 
(Liolophu r a gaimardi) maintained at 20°C. Each 
point represents the mean value of 4 animals, 
vertical lines indicate the standard error of the 
mean. 
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Fig. 7-4 
Comparative elimination curves illustrating the 
-
clearance of 125 I-labelled Liolophura haemolymph 
protein (LHP) and 131 I-BSA (BSA) in chitons 
(Liolophura gaimardi) maintained at 15°C. Each 
point represents the mean value of 4 animals, 
vertical lines indicate the standard error of 
the mean. 
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Fig. 7-5 
Comparative elimination curves illustrating the 
clearance of 125 I-labelled Liolophura haemolyrnph 
protein (LHP) and 131 I-BSA (BSA) in chitons 
(Lioloph ura gaimardi) maintained at 10°C. Each 
point represents the mean value of 4 animals, 
vertical lines indicate the standard error of the 
mean. 
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Fig. 7-6 
Discrimination curves illustrating the effect of 
variations in temperature on the rate of clearance 
of BSA relative to the clearance of LHP. Groups of 
animals maintained at 25, 20, 15 and l0°C (as 
indicated) were simultaneously injected with 0.25mg 
12s r-LHP and 0.25mg 13 1I-BSA. (Based on data 
presented in Figs. 7-2 to 7-5 inclusive). 
11 
. 
'• 
• • • 
11q, • 
.. , 
t 
... 
... 
-
98 
maintained at either 15°, 20° or 25°c. 
However, in terms of the optimal temperature for 
measuring the discrimination between LHP and heterospecific 
protein, there was little difference in the values obtained 
from animals maintained at 20° and 25°C (Fig. 7-6). At both 
6 and 11 hours post-injection, the difference between the 
mean "L'l" values in animals maintained at 20° and 25°c, were 
not statistically significant (P = 0.92 and 0.24 respectively). 
Thus, while the measured discrimination between LHP and BSA 
was maximal at 25°C, variations in the range 20°- 25°C are 
insignificant. 
7-4 The differential behaviour of heterospecific proteins 
in vivo 
As previous experiments have been mainly concerned 
with the i n vivo behaviour of BSA and HSA, it was important 
t o show that the differential clearance of these proteins 
(relative to LHP) was not an isolated phenomenon, but that ~ 
it reflected a general differential reactivity (of Liolophura 
phagocytes) towards all foreign proteins. To test this 
proposition, a variety of purified proteins, together with a 
number of protein mixtures (whole haemolymph from various 
invertebrate species) were iodinated, and the in vivo 
behaviour of each was individually compared with that of LHP. 
For each comparison , animals were injected with 0.25 mg of 
both proteins ( 1 25 I-LHP and 131 I-heterospecific protein) and 
were maintained at 23°- 25°C for the duration of the 
experiment. In all other respects, the experiments followed 
,, . 
standard routine ( Chapter 6) . 1 11• • 
Table 7-1 includes a list of the heterospecific ~ 
proteins used in these studies, together with the measured 
. 
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Table 7-1 
Mean discrimination ( 11 6 11 ) between 1 25 I-LHP and vari ous 131 - r 
l abelled heterospecific protei ns at 11 hours post- i n j ection 
Heterospecific Protein 6 11 Probab i lity * (mean ± S.E.) 
1 3 1 I-LHP 
-0.4 ± 0.05 0.97 
I schnorads ia H/L ( a) 8. 3 ± 2.5 0.44 
II II (b) 4 . 4 ± 1.1 0.70 
II Pool (a + b) 6.3 ± 1.4 0. 3 8 
Sea Urchin H/L 29.7 ± 1.1 0.002 
Elephant Snail H/L 46.7 ± 1. 5 0.0002 
BGG 51.1 ± 3.8 0.0001 
Poneroplax H/L 56.1 ± 2.7 0.0001 
RGG 62.2 ± 7.9 0.0014 
Ferritin (horse spleen) 67.7 ± 11. 5 0.0014 
Turban Shell H/L 72.6 ± 4.1 0.0001 
Flagellin (monomer)¢ 75.0 ± 8.2 0.0002 
HSA 88.4 ± 1. 6 0.00002 
BSA (Pool, 3 expts) 94.8 ± 3.5 <0.00001 
*This is the probability that the mean residual 
activity attributable to 12 5 I-LHP and to 131 I-labelled 
heterospecific protein (at 11 hours post-injection), is the 
s ame. 
¢ S a l monell a a del aide (Strain SW1338) flagellin, 
Prepared according to the method of Nossal and Ada (1971). 
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Fig. 7-7 
Discrimination curves illustrating the rate of 
clearance of various (indicated) heterospecific 
proteins relative to the clearance of LHP. Groups 
of animals maintained at 23 - 25°C were injected 
11 
with 0.25mg 12 5I-LHP together with 0.25mg 1 3 1 I-labelled 
heterospecific protein (HP haemolymph protein 
I Ischnoradsia, L Liolophura, P Poneroplax, TS Turban 
shell (Ninella); BGG Bovine gamma globulin: HSA human 
serum albumin) . 
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discrimination ( 11 6 11 ) between each LHP/heterospecific protein 
combination at 11 hours post-injection (mean "611" values± 
S.E.). Within the Table, the heterospecific proteins are 
arranged in order of increasing 11 6 11 value, and data from 
previous experiments comparing the behaviour of LHP/BSA and 
LHP/LHP (see Chapter 6), was reincluded for comparison. 
Discrimination curves for a number of representative proteins 
listed in Table 7-1 are included in Fig. 7-7. 
The results of these experiments (Table 7-1; Fig. 
7-7) show that each heterospecific protein was removed at a 
different rate relative to LHP, suggesting that the recognition 
of foreign protein by Liolophura phagocytes was graded. Two 
extremes can be clearly recognized. At the lower extreme, 
I schnorads i a haemolymph protein (IHP) was cleared from the 
haemolymph at a rate only slightly faster than LHP, suggesting 
it was poorly recognized as foreign. In fact, at 11 hours 
post-injection, the difference between the mean residual 
activity attributable to IHP and to LHP was not statistically 
significant (P = 0.44 and 0.70 for replicate experiments, 
and 0.38 for the pooled data from both). 
At the upper extreme, both HSA and BSA were each 
more than 95% eliminated from the circulation by 11 hours 
post-injection, and the measured discrimination ("611") 
was maximal. Between these extremes lies a range of increas-
ing "611" values, suggesting that each protein in the ascend-
ing series was increasingly recognized as foreign. For each 
LHP/heterospecific protein comparison (with the exception of 
LHP/IHP), the difference between the residual activity 
attributable to LHP and to the heterospecific protein concerned 
,. 
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was statistically significant at 11 hours post-inJection 
(P < 0.01, Table 7-1). 
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A$ these experiments were performed under 
conditions allowing maximum discrimination between homo- and 
heterospecific proteins, the range of values obtained can 
only be attributed to structural differences in the proteins 
employed. Clearly, Liolophura phagocytic cells can disting-
uish different grades of foreignness. 
7-5 Discussion. 
Although the rate of clearance of heterospecific 
protein was affected by variations in both dose and tempera-
ture, it was possible to define a range of conditions in 
which these effects were either non-existent or negligible. 
By measuring the discrimination between homo- and hetero-
specific protein at 11 hours post-injection, the values 
obtained are maximal and dose-independent over at least a 
50 fold range (0.025 to 1.25 mg of injected protein), and 
are maximal and temperature-independent in the range 20 ° -
250C. 
Whilst it was not intended to make a detailed 
analysis of the clearance-kinetics following the injection 
of variable doses of heterospecific protein, the results 
obtained nevertheless suggest a striking similarity to the 
kinetics of clearance of variable doses of heat aggregated 
HSA in mice (Benacerraf et al., 1957). Both are a function 
of the injected dose of colloid. In mice, the rate of 
clearance of HSA is constant, maximal and independent of the 
injected dose in the range 0.025 to 0.25 mg HSA per 100 gm of 
body weight. With doses of 1.25 mg/100 gm and above, the rate 
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of clearance of HSA decreases in inverse proportion to the 
injected dose, and the "critical dose" (at which the rate of 
clearance became dose-dependent) was calculated to be 0.5 mg 
HSA/100 gm body weight (Benacerraf et al., 1957). In 
LioZophura, the rate of clearance of HSA (during the first 
hour post-injection) was dose-independent in the range 0.025 
to 0.25 mg of injected protein, but became dose-dependent in 
the range 0.25 to 2.5 mg. With doses above 2.5 mg (25.0 mg) 
the rate of clearance of HSA was severely depressed. Although 
the relationship between the rate of clearance and the 
injected dose (above the critical dose) was not determined, 
it would seem that the laws governing the rate of clearance 
of HSA in LioZophura are similar to those governing the 
clearance of colloids in mammals. 
In studying the effects of variations in temperature 
on the rate of clearance of LHP and BSA, it was also shown 
that the rate of clearance of the heterospec1fic protein was 
a function of the environmental temperature, and was markedly 
depressed below 20°C. Both xenograft rejection 1n earthworms 
(Cooper, 1971) and the uptake of erythrocytes by crayfish 
haemocytes in vitro (McKay and Jenkin, 1970) are temperature-
dependent, and in each instance the authors concerned were 
able to demonstrate an optimum temperature at which the 
cellular activity was maximal. Similar findings have also 
been reported in cold-blooded vertebrates (Hildemarn and Cooper, 
1963; Tait, 1969), and it seems likely that the influence of 
temperature reflects the need of metabolic energy for phago-
cytosis to occur. 
While the rate of clearance of BSA was clearly 
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depressed in animals maintained below 20°C, the clearance of 
LHP was seemingly unaffected. However, this apparently contra-
dictory finding may be readily explained in terms of limita-
tions in the technique. Under "normal" temperature 
conditions, the clearance of LHP generally amounts to between 
5 and 10% during the interval 1-11 hours post-injection. At 
10°C, a 50% reduction in the rate of clearance of LHP (as was 
observed for BSA at 10°C) would account for, at most, a 5% 
difference in the activity attributable to LHP at 11 hours 
post-injection. A difference of this magnitude, coupled 
with the error component in assessing the residual activity 
at 11 hours (Chapter 6), would not be detectable in a 
sample based on 4 animals. 
Finally, the behaviour of a number of hetero-
specific proteins was compared under conditions in which the 
discrimination between homo- and heterospecific proteins was 
maximal, and unaffected by dose and temperature variations. 
Under these conditions (in which only the capacity to 
recognize foreign material is limiting), the range of values 
obtained could only be due to structural differences in the 
proteins concerned. Clearly, the recognition of foreign 
material by Liolophura phagocytes is not an "all or none" 
phenomenon, but is graded in the sense that different degrees 
of foreignness could be distinguished. 
These findings also have an interesting parallel 
with the situation in maITUTials, where different particles 
(e.g. different species of bacteria) are cleared by the 
reticuloendothelial system at different rates (Benacerraf 
et al., 1959; Rowley and Jenkin, 1961). In maITUTials there 
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is some evidence that the limiting factor determini ng the 
rate of clearance of these particles is the availab i l i t y o f 
opsonic recognition factors (Benacerraf e t al ., 1959; Rowley 
and Jenkin, 1961; Normann and Benditt, 1965). I n i nvertebrates 
however, the nature of the limiting factor i s unk nown. 
7-6 Summary. 
The discrimination (at 11 hours post-in j ecti on) 
between LHP and heterospecific protein is dose-i ndependent 
(i n the range 0.025 to 1.25 mg of protei n) and temperature-
i ndependent (in the range 20°- 25°C). By compari ng the 
behaviour of different heterospecific protei ns under these 
conditions, the range of values obtained indicate that 
Liolophur a phagocytes can recognize different grades of 
foreignness. 
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CHAPTER 8 
AN ANALYSIS OF THE DISCRIMINATORY CAPACITY 
OF LIOLOPHURA PHAGOCYTIC CELLS 
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AN ANALYSIS OF THE DISCRIMINATORY CAPACITY 
OF LIOLOPHURA PHAGOCYTIC CELLS 
8-1 Introduction. 
In the previous chapter, it was shown that 
Liolophura phagocytes could distinguish between LHP and a 
variety of heterospecific proteins (Table 7-1). Of the 
heterospecific mixtures included in that study, the two 
chiton proteins (Ischnoradsia and Poneroplax haemolymph 
protein) , were both known to cross-react with LHP when 
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tested by immunodiffusion against anti-LHP serum. In view of 
this cross reactivity, the results of the in vivo experiments 
employing these materials (Chapter 7) suggest that Liolophura 
phagocytic cells may discriminate between LHP, and molecules 
very similar to LHP. 
While this interpretation would hold for comparisons 
based on the rate of clearance of single molecules, the use of 
protein mixtures makes this questionable. By employing whole 
haemolymph (thought to contain at least 3 components) in 
discrimination experiments, the rate of clearance of each 
isotope represents a "weighted" average of all the labelled 
molecules in each of the two mixtures being compared. Both 
"weighted" averages depend on a number of unknown factors. 
These include the number of different proteins in each 
haemolymph , the relative amount of each protein, and the 
extent to which each incorporates isotope during labelling 
of the mixtures. Earlier observations (Table 7-1) , based on 
the in vivo behaviour of several purified proteins , provide 
ample evidence that individual proteins are cleared at 
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different rates. As a result of these differences, the 
observed discrimination between LHP and the heterospecific 
chiton proteins (IHP and PHP) may have been due to the 
rapid elimination of ''unrelated" molecules from the hetero-
specific mixture. Had this occurred, any difference in the 
rates of clearance of ''related" molecules would have been 
obscured. 
To overcome this obJection, it was decided to 
purify a single protein from Liolophura, Isahnoradsia and 
Poneroplax haemolymph, and to substitute these molecules for 
the haemolymph mixtures in ~n v~vo experiments. By 
selecting molecules with similarphysicochemicalproperties 
(similar size and charge), it was hoped to gain an accurate 
assessment of the discriminatory capacity of Liolophura 
phagocytes. 
Although little was known of the composition of 
chiton haemolymph, oxygen equilibrium data suggest that one 
of the components was haemocyanin (Manwell, 1958, 1960; 
Redmond, 1962). As molluscan haemocyanins are reported to 
form aggregates with similar sedimentation coefficients 
(van Holde and van Bruggen, 1971), and a number of crustacean 
haemocyanins have similar electrophoretic mobility (Cowden 
and Coleman, 1962), this molecule (haemocyanin) appealed as 
being potentially capable of satisfying the physicochemical 
requirements outlined above. In order to isolate haemocyanin, 
Liolophura , Isahnorads~a and Poneroplax haemolymph were each 
fractionated on Sepharose 6B, under conditions known to favour 
the stability of large haemocyanin aggregates (Ghiretti, 1968; 
van Holde and van Bruggen, 1971). 
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Fig. 8-1 
Elution profile for the chromatography of Poneroplax 
haernolyrnph protein on Sepharose 6B. Elution buffer: 
Tris HCl (0.01 M Tris, 0.1 M NaCl, 0.01 M CaCl 2 , 
pH 7.5). 
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Fig. 8-2 
Elution profile for the chromatography of Ischnoradsia 
haemolymph protein on Sepharose 6B. Elution buffer: 
Tris HCl (0.01 M Tris, 0.1 M NaCl, 0.01 M CaCl 2 , 
pH 7. 5) . 
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Fig. 8-3 
Elution profile for the chromatography of Liolophura 
haemolymph protein (initial sample) on Sepharose 6B. 
Elution buffer: Tris HCl (0.01 M Tris, 0.1 M NaCl, 
- 0.01 M CaCl 2 , pH 7.5). 
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Fig. 8-4 
Elution profile for the chromatography of Liolophura 
haemolymph protein (second half of sample) on Sepharose 
6B. Elution buffer: Tris HCl (0.01 M Tris, 0.1 M 
• NaCl, 0.01 M CaCl2, pH 7.5). 
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Fig. 8-5 
Elution profile for the chromatography of Liolophura 
haemolymph protein (Fractions (B) and (Bl) combined -
see text) on Sepharose 6B. Elution buffer: Tris HCl 
• (0.01 M Tris, 0.1 M NaCl, 0.01 M CaCl2, pH 7.5). 
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8-2 The isolation and identification of chiton haemocyanins. 
Poneroplax, Ischnoradsia and Liolophura haemolymph 
were each extensively dialysed against Tris-HCl, pH 7.5, 
at 4°C, and the pigmented precipitate resulting from this 
procedure was spun off and discarded. Each of the 3 super-
natants were divided into 2 equal portions, and all 6 samples 
were then individually chromatographed on Sepharose 6B, 
according to procedures outlined in Chapter 2. The results 
of these fractionation experiments are outlined in the 
following sub-sections. 
Poneroplax haemocyanin. Identical elution profiles 
were obtained when both halves of the haemolymph sample were 
chromatographed on Sepharose. Poneroplax haemolymph was 
resolved into 3 components (Fig. 8-1), with an initial minor 
component (A) preceding 2 major peaks (B) and (C). The minor 
components (A) from both fractionations were discarded. 
Separate pools, consisting of peak (B) from both fractionations, 
and peak (C) from both fractionations, were reduced to a final 
protein concentration of 5 mg/ml (see Chapter 2). Peak (B) 
yielded a light blue solution, which on the basis of colour 
was thought to be haemocyanin. Peak (C) contained a bright 
orange pigment, characteristic of Poneroplax haemolymph. 
Ischnoradsia haemocyanin. Ischnoradsi a haemolymph 
was also resolved into 3 components on Sepharose (Fig. 8-2) • 
Peaks (A), (B) and (C) were each eluted in similar volumes 
as the corresponding peaks from Poneroplax haemolymph, and 
apart from slight differences in the relative amounts of 
(B) and (C), the elution profiles were identical. Both 
Ischnoradsia haemolymph samples yielded identical fractionation 
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profiles. Peaks (A) were again discarded and 2 pools contain-
ing peak (B) from both fractionations, and peak (C) from both 
fractionations, were concentrated as before. Again, peak (B ) 
contained blue material suggesting the presence of haemocy an i n, 
while (C) contained brown pigment. 
Li o Zo phura haemocyanin. When Li o Zophura haemolymph 
was chromatographed on Sepharose, the initial half of the 
sample was poorly resolved into 3 components, designated 
(B), (Bl) and (C) in Fig. 8-3. Of these, components (B) and 
(C) were eluted in similar volumes to components (B) and 
(C) in the fractionation of both Pon erop Zax and I schno r adsia 
haemolymph. The minor component (A), was not observed in the 
fractionation of Li o Zo phur a haemolymph. However, a new 
component, (Bl), occurred midway between peaks (B) and (C). 
When concentrated, peaks (B) and (Bl) were both found to be 
blue, suggesting that both contained haemocyanin. Peak 
(C) contained a brownish pigment characteristic of LioZophura 
haemolymph. 
In contrast to the previous fractionations, a 
quantitatively different profile was obtained when the second 
half of the LioZophura sample was chromatographed (Fig. 8-4). 
While 3 similar, poorly resolved peaks were again apparent, 
there was a distinct shift in the relative amounts of material 
in peaks (B) and (Bl). In peak (B) there was a sharp increase 
in the amount of protein, while there was a corresponding 
decrease in protein in peak (Bl). (Compare Figs 8-3 and 8-4). 
Peak (C) on the other hand, retained the same protein content 
as in the initial separation. As peaks (B) and (Bl) were 
both thought to contain haemocyanin, the differing 
,,. 
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fractionation profiles suggest that there may have been a 
shift in the equilibrium between a larger (Peak (B)) and a 
smaller (Peak (Bl)) haemocyanin aggregate (van Holde and van 
Bruggen, 1971). If so, the fractionation pattern also 
suggests that the conditions chosen for the chromatography 
of LioZophura haemocyanin were non-ideal. 
In order to further purify LioZophura haemocyanin, 
peaks (B) and (Bl) from both fractionations were combined 
and concentrated to the original starting volume (16.0 ml). 
This material was then redialysed against the elution buffer, 
and again chromatographed on Sepharose in two equal parts. 
Following this treatment, identical profiles were 
obtained for the 2 samples. The bulk of the protein was 
eluted as a single peak, whose elution volume corresponded 
with peak (B) in previous separations (Fig. 8-5). Trace 
amounts of protein corresponding to peak (A) in the fraction-
ation of PoneropZax and Is chnoradsia haemolymph, were also 
observed. These were again discarded. Peaks (B) from both 
fractionations were combined and reduced to a final protein 
concentration of 5 mg/ml. 
The 3 blue fractions (Peak (B)) thus isolated from 
PoneropZax, Ischnoradsia and LioZophura haemolymph were 
tentatively identified as haemocyanin. These fractions were 
then subjected to a spectral analysis in order to confirm the 
presence of haemocyanin. 
Absorption spectra of isolated haemolymph fractions. 
The absorption spectrum for oxygenated haemocyanin has 3 
peaks, with maxima at 278 nM, 346 nM and 580 nM (Heirwegh 
et al., 1961). Maxima at 346 and 580 nM (the so-called 
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copperbands) are caused by an oxy genated copper complex; 
these disappear on the addit i on of cyani de (Kubowitz, 1938). 
Each of the 3 haemolymph fractions provisionally 
identified as haemocyanin were oxygenated, and their 
absorption spectrum was then measured. All 3 were found to 
have peaks corresponding with the copper bands, with maxima 
at 346-348 nM and at 570-580 nM (Figs 8-6, 8-7, 8-8). The 
peak at the lower wavelength was measured at a protein 
concentration of approximately 0.1 mg/ml, the upper peak at 
a concentration of 5 mg/ml. 
To determine the absorption spectrum of deoxygenated 
haemocyanin, a few grains of KCN were added to solutions of 
the lower protein concentration. The absorption spectra in 
the region of the lower copperband was then redetermined. As 
a result of this treatment, the peak at 346-348 nM disappeared 
in all 3 preparations (broken lines in Figs 8-6, 8-7, 8-8). 
The protein peak (278 nM) was unaffected by the addition of 
KCN. The effect of KCN on the upper copper band (570-580 nM) 
was not determined, due to the limited material available, 
and the high protein concentration needed to detect this peak. 
These spectral observations are identical with the 
reported spectral characteristics of cephalopod (van Holde 
and van Bruggen, 1971), and gasteropod haemocyanin (Heirwegh 
et a l ., 1961). The observations thus confirm that the blue 
fractions (Peak (B)) isolated from Pone rop Zax , I sahnorads ia 
and LioZophura haemolymph, each contained haemocyanin. 
8-3 Electrophoretic and Sedimentation analyses. 
While the previous spectral observations confirmed 
the presence of haemocyanin in each of the 3 haemolymph 
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Fig. 8-6 
Absorption spectrum for oxygenated (solid line) and 
deoxygenated (broken line) PoneropZ ax haernocyanin. 
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Fig. 8-7 
Absorption spectrum for oxygenated (solid line) and 
deoxygenated (broken line) Isahnoradsia haernocyanin. 
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Fig. 8-8 
Absorption spectrum for oxy genated (sol i d l i ne) and 
deoxygenated (broken line) Liolophura haemocyanin . 
• 
t 
w 
u 
1.0 
0.9 
0 .8 
Z 0.7 
<( 
co 
°' o 0.6 
V) 
co 
<( 0.5 
0.4 
0.3 
0.2 
0 .1 
250 
l I 
\' 
\ 
\ 
' ', 
300 
.... ___________ _ 
350 
' 
. '
400 
. 
. -
450 
-
500 550 600 650 700 750 
WAVELENGTH (nm) 
110 
preparations, they gave no indication of the purity of these 
fractions. To establish both the purity and the physico-
chemical similarity of the 3 fractions, each was subjected to 
electrophoretic and sedimentation analyses. 
Electrophoretic Analysis. Electrophoresis of 
LioZophura, Po neropZ ax and I schnorad s i a haemocyanin was 
performed on cellulose acetate in Tris-HCl at pH 7.5. Each 
haemocyanin was found to migrate as a single zone, and all 
fractions showed similar electrophoretic mobility (Fig. 
8-9). These observations indicate that under the chosen 
conditions, the 3 preparations contained a single protein 
with similar net (negative) charge. 
Sedimentation Analysis. Sedimentation studies of 
the 3 chiton haemocyanins were also performed in Tris-HCl at 
pH 7.5 (see Chapter 2). Sedimentation profiles for PoneropZax , 
Is c hn orads i a and LioZophur a haemocyanin are included in Fig. 
8-lOA, B, C. Each photograph was taken 24 minutes after 
attaining speed (30,000 rpm). PoneropZ ax, I schnora d s ia and 
Li o Zoph ura haemocyanin contained 2, 3 and 4 components 
respectively. Calculated sedimentation coeff i cients (S ) 
2 0 ,w 
for each component are listed in Table 8-1, where correspond-
ing peaks are arranged in order of increasing S values. The 
numbers in brackets beside each sedimentation coefficient 
(Table 8-1), are estimates of the relative amount of protein 
in each component (see Chapter 2). 
From the data presented, it may be seen that all 
3 haemocyanin preparations contained 21S and 60S components 
characteristic of gasteropod haemocyanins (van Holde and van 
Bruggen, 1971). In addition, LioZophura haemocyanin also 
' 
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contained a 43S component (18%), while both LioZophura and 
Isahnoradsia preparations contained appreciable quantities of 
a 53S material. The status of these additional components is 
unknown. In the only reported analysis of chiton haemolymph 
proteins, Stewart et aZ ., (1952) succeeded in isolating 
haemocyanin from Cryptoahiton stelleri by an electrophoretic 
procedure. This protein was said to have a sedimentation 
coefficient "corresponding" to a 49S component in haemolymph. 
Slight differences are also reported to exist 
between gasteropod and cephalopod "60S" aggregates (van 
Holde and van Bruggen, 1971). The largest aggregates observed 
in Octopus vuZgaris and EZedone mos ahat a haemolymph had 
sedimentation coefficients of 49S (Eriksson-Quensel and 
Svedberg, 1938), while published estimates for squid (L oZigo 
pealei ) "60S" aggregates vary between 49-59S (Erikkson-
Table 8-1 
Sedimentation coefficients (S ) for corresponding peaks 
2 o ,W 
in PoneropZax , Isahnoradsia and LioZophura haemocyanin 
preparations. 
Peak Number 
Haemocyanin 
Preparation 
1 2 3 4 
Poneroplax 21 (14.0) * - - 60 ( 86 . 0) 
Isahnoradsia 22 (14.0) - 54 (21.8) 62 (64.2) 
LioZophura 21 (14.2) 43 (18.1) 53 (44.2) 64 (23.6) 
*Numbers in parenthesis following each sedimentation 
coefficient represent the percentage of each component. 
Fig. 8-9 
Cellulose acetate electrophoresi s of LioZophura (L), 
I schnorads i a (I) and PoneropZax (P ) haemocy ani n (HCY). 
Electrophoresis was conducted i n Tris HCl pH 7.5 at 
4°C for 12 hours, employi ng a potenti al difference of 
3.5 volts/cm. (0 = ori g i n; += anode). 
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Fig. 8-10 
Sedimentation profiles of Poneroplax (A) , Ischn oradsia 
{B) and Liolophura (C) haemocy ani n, i n Tris HCl (0.01 
M Tris, 0.1 M NaCl, 0.01 M CaClz ' pH 7.5) at 20°c. Each 
picture was taken 24 minutes after attaining speed 
(30,000 r.p.m.). Sedimentation was from left to right. 
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Fig. 8-11 
Fig. 8-llA. Double diffusion in agar showing the 
relationship between Liolophura (L-HCY); Ischnorad s ia 
(I-HCY), Poneroplax (P-HCY), keyhole limpet (KL-HCY) 
and crayfish (C-HCY) haemocyanin (outer wells). The 
central well contained an antiserum raised against 
Liolophura haemolymph (AL H/L). All haemocyanin 
preparations contained 5.0 mg protein per ml. The 
plate was developed for 3 days at 4° C . 
Fig . 8-llB. The same plate as shown above (Fig. 
8-llA) , but after development for 6 days at 4°C. 
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Fig. 8-12 
Fig. 8-12A. Double diffusion in agar showing the 
relationship between LioZophura (L-HCY), Ischno radsia 
(I-HCY), PoneropZax (P-HCY), keyhole limpet (KL-HCY) 
and crayfish (C-HCY) haemocyanin (outer wells). The 
central well contained an antiserum raised against 
Ischnoradsia haemolymph (AI H/L). All haemocyanin 
preparations contained 5.0 mg protein per ml. The 
plate was developed for 6 days at 4° C. 
Fig. 8-12B. As for Fig. 8-12A, except that the central 
well contained an antiserum raised against PoneropZax 
.· haemolymph (AP H/L) . 

Quensel and Svedberg, 1938; Cohen and van Holde, 1963; 
DePhillips e t al ., 1969). 
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In view of the lack of information regarding chiton 
haemocyanins, together with the reported variability of 
cephalopod aggregates, it is not known whether the 43S and 
53S components of Li o lophura/Ischnora dsia haemolymph represent 
impurities, or haemocyanin aggregates peculiar to these 
species. However, in later experiments (Section 8-4), both 
Liolo phur a and I s chnoradsia haemocyanin were found to be 
irnrnunochemically homogen e ous. This evidence, coupled with the 
earlier observation of the electrophoretic homogeneity of the 
3 haemocyanin fractions (Section 8-3), suggests that the 43 
and 53S components represent different structural states of 
a single molecular species. 
8-4 The immunological relationship between Liolop hura and 
heterospecific haemocyanins. 
In the Introduction to this chapter it was stated 
that Liolophura , Is c hnoradsia and Poneroplax haemolymph 
each contained proteins which were known to cross-react in 
irnrnunodiffusion. By isolating proteins with similar 
physicochemical properties, it was hoped to retain this 
irnrnunochemical relationship. 
In order to examine both the interrelationship 
and the irnrnunochemical purity of the isolated haemocyanin 
fractions, each was tested by immunodiffusion in agar with 
antisera raised against Liolophura , Pone r oplax and I s chnoradsia 
haemolymph (Chapter 2). In addition to the 3 chiton 
•• 
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haemocyanins, crayfish (Jasus ZaZandii)* and keyhole limpet 
(Megathura arenuZata)** haemocyanins were also included in 
this study. All haemocyanins were employed at a concen-
tration of 5.0 mg/ml. 
The results of these experiments are included in 
Figs 8-llA, B, and 8-12 A, B. Three observations are 
significant. 
1. In all combinations employing a particular haemo-
cyanin and the antiserum homologous for the haemolymph 
from which that haemocyanin was prepared, only a single 
major precipitin line was apparent. These findings 
provide further evidence of the purity of the 3 chiton 
haemocyanin preparations. [The minor precipitin line 
associated with P-, L-, I-, and KL-HCY in Fig. 8-llB, 
and with KL- and P-HCY in Fig. 8-12A, was thought to be 
a product of antigen (haemocyanin) dissociation. This 
was shown to be a factor influencing the immunodiffusion 
analysis of keyhole limpet haemocyanin (Tornabene and 
Bartel, 1962)]. 
2. Reactions of partial identity between the 3 chiton 
haemocyanins indicated that these molecules shared 
common antigenic determinants. They were therefore 
closely related immunochemically. The faint precipitin 
reactions with keyhole limpet haemocyanin suggested 
*Crayfish haemocyanin was generously provided by Professor 
G. Ada, Department of Microbiology, A.N.U. It was prepared 
by the method of Moore et .al., 1968. 
**Inununochemically pure keyhole limpet haernocyanin was 
purchased from Calbiochern., California, U.S.A. 
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that this molecule was distantly related to the ch i ton 
haemocyanins. Crayfish haemocyanin was immunochemically 
unrelated to the chiton haemocyanins. 
3. Is chnoradsia haemocyanin was more closely related 
to Liolophura haemocy anin than was Poneroplax haemocy an1n. 
This assessment was based on the repeated observat i on 
that the precipitin line between I schnoradsia haemo cy an1n 
and anti-LHP serum was more strongly developed (in b oth 
time and substance), than the corresponding line fo r 
Ponerop la x haemocyanin (Fi g. 8-llA, B). Attempts to 
measure the "strength" of these cross-reactions by 
agglutination-inhibition of haemocyanin coated ery thro-
cytes w_ere unsuccess f ul. 
8-5 The in viv o behaviour of homo- and heterospecific 
haemocyanins. 
In the experiments reported below, the purified 
haemocyanin preparati ons were used to exami ne the capacity 
of Liolophura phagocytic cells to discriminate between re l a ted 
molecules. Liolophura haemocyanin (L-HCY) was labelled with 
125 I, and ad j usted to a final protein concentration o f 
1 mg/ml. The heterospecific haemocyanins (Is chnorads i a, 
Poneroplax, keyhole limpet and crayfish) were each labelled 
with 131 I, and also adjusted to a final concentration o f 
1 mg/ml. The i n vivo behaviour of each 131 I-labelled 
heterospecific haemocyanin was then individually compared 
with that of 125 I-labelled L-HCY, according to the methods 
outlined in Chapter 6. Again these experiments were perf ormed 
under conditions in which variations in behaviour could only 
be attributed to structural differences in the molecules 
-
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employed (see Chapter 7). 
The results of these experiments are presented in 
Table 8-2 and in Fig. 8-13. Table 8-2 includes measured 
values of the 11 hour discrimination ("!).11") between each 
L-HCY/heterospecific haemocyanin combination. As replicate 
experiments employing both Is chnorads ia and Poneroplax 
haemocyanin as the heterospecific protein yielded almost 
identical" !). " values, the data obtained for each of these 
experiments was pooled. Figure 8-13 includes discrimination 
curves for each of the 4 in vivo comparisons. 
Liolophura phagocytic cells show only a limited 
capacity to discriminate between homospecific (L-HCY ) and 
Ischnoradsia haemocyanin (Fig. 8-13), as this protein was 
cleared from the circulation at a rate only fractionally 
faster than L-HCY. In 11 hour samples, the difference between 
the mean residual percentage activity attributable to the 2 
proteins was not statistically significant (P = 0.14 for 
pooled data from replicate experiments - Table 8-2). 
Poneroplax , keyhole limpet, and crayfish haemo-
cyanin on the other hand, were each cleared from the circu-
lation at progressively faster rates relative to L-HCY, and 
these differentials are reflected in rising discrimination 
curves for each homospecific-heterospecific combination 
(Fig. 8-13). In each case, the activity associated with the 
heterospecific haemocyanin was significantly less than that 
associated with L-HCY in 11 hour samples (see Table 8-2 for 
the respective probabilities). 
In view of the known immunochemical relationship 
between the haemocyanins (Section 8-4), the results of the 
41 
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Table 8-2 
Mean 11 hour discrimination (611) between homospecific 
(L-HCY) and various heterospecific haemocyanin combinations. 
Heterospecific Experiment 
Haemocyanin 
611 Probabili ty*A 
Is chnoradsia ( a) 6.6 ± 2. 8 0.76 
(b) 7.3 ± 1. 6 0.45 
Pooled data 6.9 ± 1. 5 0.14 (a' b) 
Poneroplax ( a) 32.9 ± 12.8 0.08 
(b) 36.7 ± 7.2 0.03 
Pooled data 34.8 ± 15 . 8 0.003 (a' b) 
Keyhole limpet*B 67.7 ± 5.1 0.001 
Crayfish*c 91. 7 ± 1. 2 <0.001 
*A This is the probability that the mean residual percentage 
activity in 11 hour haemolymph samples, is the same for 
both 125 I-homospecific and 131 I-heterospecific 
haemocyanins. 
*B Megathura crenulata 
*C Jasu s lalandii . 
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Discrimination curves showing the rate o f clearance 
of Ischnoradsia (I-HCY), Poneroplax (P-HCY), keyhole 
limpet (KL-HCY) and crayfish (C-HCY) haemocy anin, 
relative to the clearance of Liolophura haemocyanin 
(L-HCY). Groups of animals were maintained at 23-25 °C. 
Individual chitons within each group were simultaneously 
injected with 0.25mg 12s 1-labelled L-HCY and 0.25mg 
131 !-labelled heterospecific haemocyanin. 
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discrimination experiments provide two significant findings. 
Firstly, as Liolophura phagocytic cells could discriminate 
between the haemocyanins employed in these studies, they could 
evidently distinguish between irnrnunochemically related 
molecules. Secondly, by assuming that the magnitude of the 
measured discrimination (between each L-HCY/heterospecific 
haemocyanin combination) reflects the extent to which each 
heterospecific protein was recognized as foreign, then 
Isahnoradsia, Poneroplax, keyhole limpet and crayfish haemo-
cyanins were recognized in that order, as being increasingly 
foreign. This observation parallels the observed irnrnuno-
chemical relationship between the 5 haemocyanins employed. 
8-6 Discussion. 
The experiments described in the preceding pages 
form an extension to those reported in the previous chapter 
(Chapter 7), where it was shown that Liolophura phagocytes 
could recognize different grades of foreignness. However, 
in contrast to the proteins employed during the previous 
studies (which encompassed a considerable range of physico-
chemical variability), those used in the present study were 
deliberately chosen in an attempt to narrow the structural 
differences between homo- and heterospecific proteins. In 
this way it was possible to test whether Liolophura phago-
cytes could distinguish between "self" protein, and molecules 
which were structurally similar to "self" protein. 
On the basis of spectral criteria, each of the 
fractions isolated from Liolophura, Isohnoradsia and 
Poneroplax haemolymph were shown to contain haemocyanin. All 
3 fractions were electrophoretically and irnrnunochemically 
•' 
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homogeneous, indicating the presence of a single protein. 
Both Ischnoradsia (I) and Poneroplax (P) haemo-
cyanin (HCY) cross-reacted with Liolophura haemocyanin 
(L-HCY) when tested by immunodiffusion against anti-LHP 
serum, and the "strength" of these cross-reactions indicated 
that I-HCY was more closely related to L-HCY than was P-HCY. 
These observations indicated that the 3 chiton haemocyanins 
were not only similar in terms of the chosen physicochemical 
criteria (charge and size), but that they also possessed 
common antigenic determinants. In spite of this similarity, 
Liolophura phagocytes were able to distinguish between 
L-HCY and I-HCY, and between L-HCY and P-HCY. Furthermore, 
the magnitude of the discrimination between each of the 
above combinations suggested that Poneroplax haemocyanin was 
more foreign to Liolophura phagocytes than was Ischnoradsia 
haemocyanin. 
Clearly, differences in the in vivo behaviour of 
Ischnoradsia and Poneroplax haemocyanin (relative to L-HCY) 
can only be attributed to minor structural differences in the 
proteins concerned. In this respect, Liolophura phagocytes 
are capable of recognizing differences in structure whose 
magnitude is on a par with the differences detectable by 
(vertebrate) serological techniques. As these differences 
become progressively greater (as in the case of keyhole 
limpet and crayfish haemocyanin), so too, does the ability to 
distinguish between homo- and heterospecific haemocyanins. 
Although the physicochemical properties of keyhole 
limpet and crayfish haemocyanins were not investigated, the 
former protein is known to form aggregates with sedimentation 
coefficients (98, 58 and 18S) similar to other molluscan 
haemocyanins (Tornabene and Bartel, 1962). Crayfish 
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(Jasus lalandii) haemocyanin however, (in common with other 
crustacean haemocyanins), is built on an entirely different 
plan of subunit aggregation, and forms structures with 
sedimentation coefficients of 5 and 15S (Moore et al., 
1968). Thus, in this instance, major differences in size 
and/or charge may also influence the recognition of hetero-
specific haemocyanin. In guinea-pig macrophage cultures, 
the proportion of cells which bound and subsequently ingested 
protein (ferritin) was determined by the net molecular charge 
of the molecules presented (Lafferty and Dickson, 1971). 
Whether such factors influence the interaction between foreign 
proteins and Liolophura phagocytes remains to be determined. 
8-7 Summary. 
A molecule identified as haemocyanin was isolated 
from Liolophura, I sohnorads i a and Poneroplax haemolymph by 
chromatography on Sepharose 6B. Each of these 3 preparations 
was found to be electrophoretically and immunochemically 
homogeneous, indicating the presence of a single protein with 
similar net (negative) charge. Isohnoradsia (I), Ponerop l ax 
(P), and keyhole limpet (KL) haemocyanin (HCY) cross-reacted 
with Liolophura haemocyanin (L-HCY) when tested by immuno-
diffusion against anti-LHP serum. The "strength" of these 
cross-reactions indicated that I-HCY was more closely related 
to L-HCY than was P-HCY, and this in turn was more closely 
related to L-HCY than was KL-HCY. Crayfish haemocyanin was 
immunochemically unrelated to L-HCY. By employing these 
proteins in discrimination experiments, it was shown that 
Liolophura phagocytes could distinguish between immunochemically 
" 
119 
similar molecules, and the extent to which each hetero-
specific haemocyanin was recognized as foreign paralleled the 
irnrnunochemical relationship between the molecules concerned. 
CHAPTER 9 
THE NATURE OF THE RECOGNITION 
MECHANISM AND ITS SPECIFICITY 
•• 
THE NATURE OF THE RECOGNITION MECHANISM 
AND ITS SPECIFICITY 
9-1 Introduction. 
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In addition to being adaptive, one of the principal 
parameters of the vertebrate response to antigen is the 
specificity of that response. The response is directed 
against, and therefore only recognizes the stimulating antigen and 
closely related determinants. In invertebrate animals, 
comparatively little is known of the mechanism underlying 
the recognition of foreign material by phagocytic cells. 
Even less is known of its specificity. As both these aspects 
of the invertebrate response to foreign material have been 
reviewed elsewhere (Chapter 1), only the major findings are 
reiterated in the present context. 
At least 4 laboratories have provided evidence 
suggesting that the recognition of foreign material by 
invertebrate phagocytes is mediated by naturally occurring 
humeral (opsonic) factors. These opsonic factors may display 
considerable species-dependent variation in specificity. 
Prowse and Tait (1969) for example, showed that opsonins 
in snail (He lix aspersa) haemolymph were specific for formal-
ized yeast and formalized sheep erythrocytes. Stuart (1968), 
on the other hand, claimed that octopus (Eledone ci rrosa) 
haemolymph possessed a single polyvalent opsonin with a 
broad spectrum of affinities for a number of foreign particles. 
These particles included yeast, bacteria and various 
erythrocytes. 
Although few invertebrate species have been 
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examined, only the annelids appear to have a recognition 
system endowed with a specificity comparable with that 
displayed by vertebrates. This conclusion is based on the 
results of allograft and xenograft transplantation experi-
ments in earthworms, where the ability to reject foreign 
tissues bears a strong superficial resemblance to vertebrate 
cell-mediated immune reactions (see Chapter 1). First set 
Allolobophora and second set Eisen i a xenografts transplanted 
simultaneously to single Lumbricus recipients are rejected 
independently, with graft survival times corresponding with 
normal first set (Allolobophora ) and accelerated second set 
(E isenia ) rejection (Cooper , 1969). The ability to reJect 
Eisenia xenografts in an accelerated fashion (second set 
rejection) can be transferred to non-sensitized worms by 
coelomic fluid obtained from sensitized donors (Bailey 
et al., 1971). Although the possible existence of a humeral 
mediating factor has not been discounted (Bailey et al ., 
1971; Cooper, 1971), direct cellular recognition is bel ieved 
to be primarily responsible for the rejection of grafted 
tissue (Cooper, 1968, 1971). 
In the course of work outlined in previous chapters, 
it was shown that Liolophura phagocytic cells could d i stinguish 
between immunochemically related molecules. It was also 
shown that the more foreign molecules tended to be cleared 
from the circulation more rapidly. These observations 
suggested that the recognition of foreign proteins was 
graded - in the sense that different degrees of foreignness 
could be distinguished. In view of this graded reactivity , 
it was of considerable interest to examine the specificity of 
• 
122 
the recognition mechanism in Liolophura, in order to determine 
whether a single system was responsible for the identification 
of all foreign proteins, or whether a number of different 
recognition systems operated independently. 
The results of an earlier investigation suggested a 
possible approach to this problem. When examining the in 
vivo behaviour of a number of different doses of HSA, it was 
observed that the relative rate of removal of HSA was 
severely depressed in animals injected with 25 mg of HSA 
(Chapter 7). This observation indicated that the mechanism 
responsible for either the recognition and/or clearance of 
HSA was saturable. In order to simplify the following 
argument, it is assumed that the recognition and then 
subsequent phagocytosis of foreign protein are functionally 
separate (but not necessarily physically separate) events. 
By making this assumption, it is possible to consider the 
consequences of either being saturated by HSA. 
1. Should the recognition phase be specific (for HSA), ~ 
then the ability of Liolophura phagocytes to discrimin-
ate between other homospecific-heterospecific protein 
combinations should be unaffected by the simultaneous 
injection of a saturating dose of HSA, provided that 
the functional (i.e. phagocytic) capacity of phagocytes 
was unimpaired (see 2). 
2. Should the functional (i.e. phagocytic) capacity 
of phagocytes be saturated by HSA, then the ability of 
these cells to discriminate between other homospecific-
heterospecific combinations should undergo the same 
relative depression as the homospecific-HSA combination. 
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To test whether these alternatives could be disting-
uished, the in vivo behaviour of various homospecific-
heterospecific protein combinations was monitored in animals 
"saturated" with HSA. The experiments were performed accord-
ing to the following protocol. Four groups of animals were 
each injected with 25 mg HSA. One hour later, each group was 
tested for its capacity to distinguish between one of the 
following homospecific-heterospecific protein combinations. 
(a) Liolophura haemocyanin (L-HCY) and HSA 
(b) L-HCY and BSA 
(c) and (d) L-HCY and Poneroplax haemocyanin (P-HCY). 
As controls to this experiment, a further 3 groups 
of animals were tested for their ability to discriminate 
between each of the above combinations, one hour after the 
injection of 0.25 mg HSA. This dose of HSA was below that 
required to produce saturation (Chapter 7). Apart from the 
pretreatment injection (0.25 or 25 mg HSA), the remainder of 
the experiment followed procedures outlined in Chapter 6. 
9-2 Experimental results. 
The results of the experiments outlined above are 
presented as a series of discrimination curves in Figs 9-1, 
9-2 and 9-3. The data has been deliberately partitioned in 
order to avoid overcrowding a single figure. Statistical 
comparisons between mean"!:::." values for various treatment 
groups are included in Tables 9-1, 9-2 and 9-3. 
As predicted on the basis of previous findings 
(Chapter 7), the relative rate of removal of 131 I-HSA was 
severely depressed in animals preinjected with 25 mg HSA. As 
a result, the measured discrimination ("!:::.") between L-HCY and 
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HSA was markedly depressed in animals preinjected with 25 mg 
HSA when compared with those preinjected with 0.25 mg HSA 
(Fig. 9-1). The difference between the mean 11 6 11 values for 
the 2 treatment groups was highly significant at each sample 
time (P < 0.001 for all 3 comparisons - Table 9-1). 
The rate of elimination of BSA was also depressed 
in animals pretreated with 25 mg HSA, and this depression is 
reflected in comparisons between the in vivo behaviour of 
L-HCY and 131 I-BSA in animals preinjected with either 0.25 
mg or 25 mg HSA (Fig. 9-2). Again, differences between the 
mean 
11 6 11 values for the 2 treatment groups were statistically 
significant (P < 0.001 in each case). However, when comparing 
the respective mean 11 6 11 values for L-HCY/HSA and L-HCY/BSA 
discrimination in animals preinjected with 25 mg HSA, the 
differences between them were not statistically significant 
(Table 9-2). This data indicates that in animals preinjected 
with 25 mg HSA, the rate of removal of both BSA and HSA is 
the same. 
In contrast to the above situation, the preinjection 
of 25 mg HSA was found to have no effect on the clearance of 
PoneropZax haemocyanin (P-HCY), and hence on the ability of 
phagocytes to discriminate between L-HCY and P-HCY (Fig. 
9-3). In replicate experiments employing this protein 
combination, similar 11 6 11 values were obtained at 1, 6 and 
11 hours after the injection of the test inoculum (P > 0.05 
in all cases). The data from these experiments was therefore 
pooled, and the Discrimination curve for this treatment 
(Fig. 9-3) includes the pooled data. In addition to the 
control Discrimination curve (L-HCY/P-HCY discrimination 
Table 9-1 
Mean "6" values (at 1, 6 and 11 hours post-injecti on) f or 
L-HCY/HSA discrimination in groups of LioZ ophura pre-injected 
(at time minus 1 hour) with 0.25 or 25 mg HSA. 
Pretreatment 61 66 611 
0.25 mg HSA 83.6 ± 3.8 96.0 ± 2.6 91.0 ± 5.6 
25.0 mg HSA 22.8 ± 3.0 33.6 ± 2.5 35.3 ± 3.1 
-
Probability* 0.0001 0.0001 0.0004 
*This is the probability that the mean " 6 " values are 
the same for the 2 pretreatment groups. 
Table 9-2 
Mean " 6 " values (at 1, 6 and 11 hours post-injection) for 
L-HCY/HSA and L-HCY/BSA discrimination in groups of 
LioZophura pretreated with 25 mg HSA. 
Discrimination 61 66 611 
L-HCY/HSA 22.8 ± 3.0 33.6 ± 2.5 35.3 ± 3.1 
L-HCY/BSA 17.2 ± 1. 7 30.5 ± 5.7 28.1 ± 6.5 
Probability* 0.16 0.64 0. 36 
*This is the probability that the mean " 6 " values for 
the measured discriminations are the same. 
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following the preinjection of 0.25 mg HSA), Fig. 9-3 also 
includes the pooled data from previous replicate experiments 
(Chapter 8, Fig. 8-13) in which L-HCY/P-HCY discrimination 
was determined in the absence of any preinjection treatment. 
At 6 and 11 hours after injection of the test inoculum, the 
differences between the mean 11 6 11 values for the (pooled) 
experimental and each control group, were not statistically 
significant (P > 0.05, Table 9-3). These results show that 
the capacity of Liolophura phagocytic cells to discriminate 
between homospecific and Poneroplax haemocyanin is unaffected 
Table 9-3 
Mean 11 6 11 values (at 1, 6 and 11 hours post-injection) for 
L-HCY/P-HCY discrimination in untreated Liolophura, and in 
animals pretreated (at time minus 1 hour) with 0.25 mg or 
25.0 mg HSA. Statistical comparisons between the 3 treat-
ment groups are included in the lower half ~f the Table. 
Group No. of Pretreatment 61 66 611 Animals 
A 8 -- -1. 0 ± 2.0 22.8 ± 6.5 34.8 ± 6.8 
B 4 0.25 mg HSA 6.3 ± 0.5 13.5 ± 3.6 18.3 ± 7.2 
C 8 25.0 mg HSA -0.6 ± 2.0 17.5 ± 3.4 31. 2 ± 4.5 
A-B 0.03 0.36 0.16 
Between-Group B-C 0.03 0.49 0.14 Probability* 
A-C 0.92 0.48 0.67 
* This is the probability that the mean 11 6 11 values are 
the same for the between-group comparisons indicated. 
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by the preinjection of 25 mg HSA. The mechanism responsible 
for the recognition of PoneropZax haemocyanin is thus 
unrelated to that responsible for the recognition of HSA. 
9-3 Discussion. 
Saturation of the reticuloendothelial (RES) system 
(RES blockade) has long been used as a tool for investigating 
the phagocytic capacity of the RES in mammals (Nelson, 1969). 
However, its application in the in vivo study of invertebrate 
phagocytic cells is evidently restricted to a single species 
(Hilgard et al., 1967) . In the present study, the in vivo 
behaviour of 3 heterospecific proteins was examined under 
conditions equivalent to RES blockade. The results obtained 
suggest a striking similarity between the mechanisITBunder-
lying the discriminatory behaviour of vertebrate and inverte-
brate (LioZophura ) phagocytes. 
As mentioned above (Section 9-1) the use of satura-
tion techniques in the study of specificity depends on a 
functional separation of the recognition and effector 
(phagocytic) mechani sms. Evidence that these are indeed 
separate in LioZophura , is provided by the observation that 
the ability of phagocytes to discriminate between L-HCY and 
P-HCY is unaffected by the prior injection of a saturating 
dose of HSA. Under similar experimental conditions, the rate 
of elimination of HSA is severely depressed. 
Similar separation of recognition and effector 
function has been observed in mammals following RES blockade 
(Jenkin and Rowley, 1961; Murray, 1963a, 1963b; Normann and 
Benditt, 1965). Collectively, the results of experiments 
described by these authors suggest that RES blockade is due 
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to a depletion of specific serum opsonins, rather than to 
saturation of effector capacity per se. However, apart from 
indicating a functional separation of recognition and 
effector capacity in Liolophura, the discrimination experi-
ments in HSA saturated animals provide no clue as to the 
physical nature of the recognition unit. 
In addition to the indicated functional separation, 
experiments employing P-HCY as the heterospecific protein 
also revealed that the recognition unit responsible for the 
identification of P-HCY, was unrelated to that responsible 
for the recognition of HSA. In other words, at least 2 
recognition units exist in Liolophura, and these can be 
distinguished on the basis of their differing specificity 
towards HSA and P-HCY. Again, similar observations have 
been reported in blockaded mammalian systems. By employing 
various particulate materials with and without the addition 
of various stabilizing agents, Murray (1963a) was able to show 
that RES blockade in rats was specific for the surface coating 
of the blockading agent. Thus blockade of a tracer dose 
occurred when the blockading particle was stabilized in the 
same agent (e.g . gelatin). Different particles stabilized 
by the same agent behaved as identical particles, while 
identical particles stabilized by different agents (e.g. 
dextran) behaved as different particles (Murray, 1963a). 
Whilst the mechanism responsible for the recognition 
of P-HCY in Liolophura is unrelated to that which recognizes 
HSA , the latter recognition system is incapable of distinguish-
ing between HSA and BSA. This conclusion is based on the 
finding that BSA is eliminated at the same (depressed) rate 
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as HSA, in HSA saturated animals. As both these molecules 
are cleared very rapidly from the haemolymph of normal 
(unsaturated) animals (Chapter 6), they are evidently 
recognized as "totally" foreign in the chiton. In view of the 
physical and immunochemical similarity between BSA and HSA 
(Weigle, 1961), it is perhaps not surprising that these 
proteins are identified via a common recognition system. 
In apparent contrast to the above findings, sea 
urchin (StrongyZocentrotus purpuratus) coelomocytes were 
reported to distinguish between HSA and BSA (Hilgard and 
Phillips, 1968) and between BSA and BGG* (Hilgard et aZ., 
1967). These conclusions were based on in vivo studies of 
the rate of clearance of labelled proteins in blockaded and 
normal animals, and on in vivo and in vitro studies of the 
uptake of label by coelomocytes in blockaded and normal 
systems. However, many of these experiments can be criticized 
on the grounds of inadequate control, and the assays used to 
monitor the uptake of labelled proteins by coelomocytes were 
seriously distorted by (uncontrolled) isotope dilution 
effects. In a later publication from this group, Hilgard 
(1970) proposed that a single receptor (i.e. recognition 
unit) was responsible for the identification of both HSA and 
BSA, and that the receptor concerned had differing affinities 
for both proteins. 
On re-examination of the clearance data of Hilgard 
et aZ. , (1967) , it is apparent that the reported discrimination 
between BSA and BGG is not supported by the published 
*BGG Bovine gamma globulin 
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findings. (The in vivo clearance of labelled proteins in 
saturated animals is unaffected by isotope dilution). In 
animals saturated with BSA, the depression in the rate of 
clearance of BGG was identical with the depression in the 
rate of clearance of BSA. In a reciprocal experiment 
employing animals saturated with BGG, the depression in the 
rate of clearance of BSA was identical with the depress ion 
observed in BSA saturated animals, but was significantly less 
than the depression in the rate of clearance of BGG. These 
apparently contradictory findings are difficult to interpret. 
While they fail to establish the existence of recognition 
receptors specific for BSA and BGG they may also indicate 
the existence of a single recognition unit with differing 
affinities for the two proteins concerned. 
Clearly, more information is required before the 
question of receptor specificity in either LioZophura or the 
sea urchin, can be adequately settled. 
9-4 · Summary. 
The mechanism responsible for the recognition of 
foreign proteins is functionally separated from the effector 
cells (ph'agocytes) responsible for their removal from the 
circulation. At least 2 recognition mechanisms exist. These 
are distinguishable on the basis of their differing specificity 
for PoneropZax haemocyanin, and for HSA. The recognition unit 
responsible for the identification of HSA cannot distinguish 
between HSA and BSA. 
CHAPTER 10 
GENERAL SUMMARY AND CONCLUSIONS 
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GENERAL SUMMARY AND CONCLUSIONS 
Most workers in comparative immunology are motivated 
by the possible relevance of their findings in contributing 
to an understanding of basic immunological processes in 
vertebrates. The present author is no exception. However, 
in attempting to compare the process of immunological recog-
nition in both vertebrate and invertebrate animals, one is 
continually confronted with the problem of defining what is 
meant by an immune reaction. 
Adaptive immunity (in vertebrates) is characterized 
by a state of specifically altered reactivity following 
antigenic challenge. This may be measured in terms of an 
animal's ability to synthesize and release immunoglobulin, to 
display reactions of immediate and delayed allergy, and to 
reject tissue homografts. Each of these parameters (which 
include a specific memory component) may be found in all 
vertebrates above and including the primitive cyclostomes 
(Hildemann and Thoenes, 1969). Yet while the ability to 
mount an adaptive immune response has been correlated with 
the development of organized lymphoid tissue in vertebrates 
(Good and Papermaster, 1964), a number of invertebrates have 
the capacity to reject tissue homografts, and in the annelids 
this process is specific and supported by a memory component 
(Cooper, 1969). Thus it is clear that at least some of the 
criteria which define an adaptive response evolved in the 
invertebrates, and it is within this group that the ante-
cedents of the vertebrate immune system must be sought. 
By adopting a broad-based concept of the immune 
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system (Chapter 1), it was emphasized that the basi c character-
istic underlying immunological homeostasis is a mechanism 
allowing the differential recognition (and subsequent removal) 
of unwanted material. In a functional sense, the operative 
effectors in whi ch this differential reactivity is embodied, 
are the fixed and circulating phagocytes of the vertebrate 
Mononuclear Phagocyte System (Langevoort et al., 1970), 
together with thei r invertebrate counterp arts. Within the 
scope of this concept, it is possible to compare directly 
the vertebrate and the invertebrate immune systems. 
In vertebrate animals, the recognit i on of f oreign 
material is mediated by antibody, complement, and possibly 
other factors from serum (Benacerraf et al. , 1959; Boyden, 
1966; Rabinovitch, 1970). Although some particles may be 
ingested by macrophages (and other cells) in the absence of 
serum (Rabinovitch, 1970; Stiffel et al., 1970), the rele-
vance of this form of recognition ("non-immunological" phago-
cytosis ) is difficult to evaluate, as the participation o f 
c y tophilic antibody has not been excluded (Nelson, 1969; 
Rabinovitch, 1970). 
In the absence of organized lymphoid tissue, the 
immune system of invertebrates depends primarily on the 
activity of phagocytic cells. In Liolophura , both fixed and 
circulating phagocytes are widely distributed throughout all 
soft tissues, and in this respect they resemble the macro-
phages of the vertebrate Mononuclear Phagocyte System. In 
both cases, the distribution pattern suggests that phagocytes 
are strategically situated to provide continuous haemolymph 
(or blood) and tissue surveillance. However, wh i le the origins 
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and life history of mammalian macrophages are well documented 
(van Furth, 1970), the relationship between the fixed and 
circulating phagocytes of Li olophuPa is unknown. 
Because of the structural and functional homology 
between vertebrate and invertebrate phagocytes, a number of 
authors have considered the invertebrate phagocyte to be 
ancestral to the complex of phagocytic cells and immunocytes 
found in the vertebrates (Boyden, 1966; Burnet, 1968, 1969; 
Rabinovitch, 1970). At the same time it has been suggested 
that the discriminatory capacity of the vertebrate immune 
system (as evidenced by the ability to reject tissue homo-
grafts) is much more refined than that displayed by inverte-
brate phagocytes. Clearly, this is a misconception. In the 
coelenterates (Theodor, 1970), molluscs (Cheng and Galloway, 
1970), echinoderms (Hildemann and Dix, 1970), and annelids 
(Duprat , 1967; Cooper, 1971), the ability to reject tissue 
allografts is firmly established. Collectively, the results 
of these experiments suggest that invertebrate phagocytes of 
diverse phylogenetic origin possess an effective recognition 
system which is capable of detecting subtle differences in 
structure. This conclusion is confirmed by the present 
findings, where it was shown that LiolophuPa phagocytes could 
distinguish between immunochemically related haemocyanins. 
In addition to recognizing subtle differences in 
structure, the rate at which foreign proteins are cleared 
from the haemolymph is determined by the physical properties 
of the proteins concerned. In general, proteins which are 
structurally dissimilar to "self" protein are eliminated more 
rapidly than those which are related to "self". A similar 
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pattern of graded recognition has also been established i n t h e 
annelids, where the rate of graft rejection is related to the 
phylogenetic histocompatibility between donor and host 
(Duprat, 1967; Cooper, 1971). 
By postulating that the recognition of foreign 
material is mediated via a receptor, the differential 
behaviour of foreign proteins may be explained in either of 
two ways. Firstly, that the receptors (or recognition un i t s) 
concerned have differing specificities for different 
"determinants" on the foreign molecules. Secondly, that a 
single, or limited number of receptors of relatively broad 
specificity, has differing affinities for various determi nants 
within the range of determinants it can recognize. At 
present, it is not possible to distinguish between these 
alternatives. Whilst experiments in blockaded animals indicate 
the existence of at least two recognition uni ts with indepen-
dent specificity for structurally unrelated proteins (Ponerop lax 
haemocyanin and HSA), these findings provide little information 
on the number of independent recognition uni ts wh i ch exi s t , 
their differing affinity for related proteins, or the range of 
determinants which each can distinguish. However, should t h e 
number of recognition units be limited, it is difficult to 
imagine how interactions with "self" determinants are avoided. 
Further application of saturation techniques may 
resolve these problems, and in this respect it would be o f 
considerable interest to determine whether I sahnorads i a, 
PoneropZax and keyhole limpet haemocyanin are recognized via 
a single receptor (with differing affinities), or whether each 
is recognized independently. It is also important to determine 
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whether non-specific factors such as charge can influence the 
particle-phagocyte interaction, as has been shown to occur in 
the uptake of protein by guinea pig macrophages (Lafferty 
and Dickson, 1971). 
Apart from the considerations outlined above, nothing 
is known of the physical nature of the recognition unit in 
Liolophura. Conceivably, this could be either cell-bound or 
humeral, and indirect evidence may be found in support of both 
alternatives. As has been frequently pointed out during the 
course of this thesis (Chapter 1, Chapter 9), there is some 
evidence to suggest that the recognition of foreign material 
by invertebrate phagocytes is mediated by opsonic factors in 
haemolymph (Tripp, 1966; Stuart, 1968; Prowse and Tait, 
1969; McKay and Jenkin, 1970), and in one instance, the 
specificity of the opsonic factor was found to parallel the 
specificity of an agglutinin for sheep and human erythrocytes 
(McKay and Jenkin, 1970). Liolophura haemolymph (in common 
with haemolymph from a number of invertebrate species), has 
agglutinins for sheep, chicken, duck, rabbit and human 
erythrocytes, and these too, show some specificity (R. Crichton, 
unpublished observations). However, whether these agglutinins 
function as recognition units in vivo, remains to be determined. 
Support for the concept of a cell-bound "receptor" 
may be found in comparing the kinetics of elimination of 
variable protein doses in Liolophura, with the clearance of 
variable doses of colloidal particles in mammals. Although 
the mechanism underlying the clearance of colloids in mammals 
is the subject of much controversy (Nelson, 1969; Stiffel 
et al., 1970), there is a fundamental difference between the 
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kinetics of clearance of so-called "biological particles" 
(e.g. bacteria), and the clearance of colloidal particles such 
as heat aggregated albumin. The rate of clearance of biological 
particles is independent of the injected dose, and is determined 
by the concentration of natural opsonins (Stiffel et al ., 1970). 
In contrast, the rate of clearance of colloidal particles is 
inversely proportional to (and thus dependent on) the injected 
dose (above the "critical" dose), and is not limited by the 
availability of humeral recognition factors (Stiffel et al., 
1970). Thus in view of the similarity between the clearance 
of protein in Li o lophura , and the clearance of colloids in 
mammals (where both are a function of the injected dose), it 
is conceivable that the recognition of protein in Liolophura 
may also occur in the absence of humeral factors. In this 
situation, the existence of at least two independent recog-
nition units suggests that direct particle-phagocyte inter-
action is mediated via a membrane-bound receptor. 
The foregoing discussion only emphasizes the gaps 
in our understanding of the recognition process in i nvertebrates. 
Whilst a pattern of graded reactivity accompanied by limi ted 
specificity is indicative of an active process, more i nforma-
tion is required before the nature of the underlying mechanism 
is established. 
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APPENDIX 1. 
The relationship between the estimated haemolymph 
volume (see Chapter 6) and the total body weight (gms) for 
specimens employed in the experiments discussed in Chapters 
6, 7, 8 and 9. 
Experiment 
83 
85 
87 
88 
89 
90 
92 
Volume (V) 
9.76 
8.68 
4.73 
8.33 
4.41 
3.85 
5.50 
4.53 
6.0 
10.0 
6.1 
6.73 
5.51 
7.38 
4.06 
4.13 
5.62 
9.18 
4.92 
9.91 
4.65 
13.98 
4.34 
8.84 
5.09 
4.73 
7.53 
Weight (W) 
37.1 
32.5 
18.1 
30.6 
15.2 
14.1 
26.1 
15.7 
23.6 
33.7 
19.0 
25.6 
22.8 
26.2 
16.8 
23.7 
27.8 
39.0 
25.0 
52.0 
19.1 
56.8 
21.9 
39.0 
22.2 
29.5 
34.2 
V/W (%) 
26.3 
26.7 
26.1 
27.2 
29.0 
27.3 
21.1 
28.9 
25.4 
29.7 
32.1 
26.3 
24.2 
2 8. 2 
24.2 
17.4 
20.2 
23.5 
19.7 
19.1 
24.3 
24.6 
19.8 
22.7 
22.9 
16.0 
22.0 
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Experiment Volume (V) Weight (W) V/W (%) 
93 6.81 36.9 18.5 
5.46 21. 3 25.6 
8.78 40.6 21.6 
5.99 32.1 18.7 
94 10.92 45.4 24.1 
5.14 29.0 17.7 
7.30 33.0 22.1 
6.55 32.2 20.3 
95 4.06 23.8 17.1 
6.17 29.1 21. 2 
7.87 38.2 20.6 
6.09 27.2 22.4 
97 5.26 23.4 22.5 
5.05 21. 5 23.5 
9.31 30.1 30.9 
5.11 23.6 21. 7 
98 7.24 26.8 27.0 
5.04 24.0 21. 0 
5.69 23.6 24.1 
4.59 18.1 25.4 
99 10.14 17.1 59.3 
6.92 21. 7 31. 9 
4.60 14.4 31. 9 
4.28 13.9 30.8 
100 6.62 17.8 37.2 
3.69 18.3 20.2 
4.18 16.3 25.6 
4.56 23.1 19.7 
101 7.56 28.3 26.7 
4.21 16.3 25.8 
4.63 25.0 18. 5 
12.34 44.0 28.0 
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Experiment Volume (V) Weight (W) V/W (%) 
102 7.28 15.0 48.5 
3.90 17 .5 22.3 
5.12 14.5 35.3 
103 5.32 16.6 32.0 
4.15 18.0 23.1 
5.14 18.2 28.2 
7.45 38.5 19.4 
104 6.42 27.3 23.5 
2.77 19.0 14.6 
6.46 27.0 2 3. 9 
6.51 22.8 28.6 
127 15.26 33 .8 45.1 
4.86 19.2 25.3 
4.20 13 .0 32. 3 
5.74 19.4 29.6 
128 6.20 18.4 33.7 
4.84 18.8 25.7 
6.84 18. 9 36.2 
3.84 15.9 24.2 
129 5. 89 22.8 25.8 
4.59 20.9 22.0 
7.11 22.1 32.2 
4.28 18.0 23.8 
134 8.66 31. 8 27.2 
10.92 19.0 57.5 
6.84 25.4 26.9 
3.89 15.6 24.9 
135 2.84 19.6 14.5 
4.79 16.9 28.3 
6.85 18.6 36.8 
4.24 16.7 25.4 
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Experiment Volume (V) Weight (W) V/W (%) 
136 5.40 20.9 25.8 
4.22 14.6 2 8. 9 
4.41 19.0 23.2 
7.31 26.7 27.4 
137A 5.92 23.8 24.9 
3.67 12.0 30.6 
3.89 15.5 25.1 
4.75 17.6 27.0 
B 6.50 22.0 29.5 
3.96 16.2 24.4 
4.76 15.2 31. 3 
7.16 29.3 24.4 
C 6.55 26.7 24.5 
4.42 14.6 30.3 
6.31 19. 8 31. 9 
8.49 36. 5 23.3 
D 4.41 17.5 25.2 
3.85 16.2 23.8 
5.50 20.2 27.2 
138 3.42 14.9 23.0 
7.15 26.5 27.0 
6.86 18.5 37.1 
3.43 13.8 24.9 
139 3.12 16.0 19.0 
4.43 16.2 27.3 
3.46 13.5 25.6 
4.95 16.3 30.4 
140 4.63 16.0 28.9 
2.99 12.4 24.1 
5.01 16.8 29. 8 
4.35 19.l 22.8 
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Experiment Volume (V) Weight (W) V/W (%) 
141 2.76 12.0 23.0 
3.54 14.5 24.4 
3.26 11. 3 2 8. 9 
4.49 22.2 20.2 
142 3.12 12.8 24.4 
3.12 12. 3 25.4 
5.22 18.l 28.8 
5.09 11.0 46.3 
Mean ± S.E. 5.8 ± 0.3 26.3 ± 0. 8 
ABSTRACT 
Fixed and circulating phagocytic cells are respon-
sible for the removal of foreign material in the chiton 
Liolop hura gaimardi . Both cell types are widely distributed 
throughout all soft tissues, but are particularly abundant in 
highly vascularized tissues such as the gills and foot. 
Fixed phagocytes are intimately associated with 
connective tissue and collagen-like fibrils; with long ill-
defined cytoplasmic processes, vesicles and rough endoplasmic 
reticulum, they resemble mammalian fibroblasts. Circulating 
phagocytes are characterized by well developed concentric 
layers of rough endoplasmic reticulum, an elaborate Golgi 
apparatus together with prominent deposits of glycogen-like 
particles. Apart from the presence of ingested label, 
circulating phagocytes are otherwise identical with normal 
haemocytes. Morphological and size distribution criteria 
indicate that the haemocytes comprise a single population of 
cells which is multifunctional. 
Liolophur a phagocytes recognize and ingest a variety 
of foreign particulate and colloidal materials. By 
simultaneously monitoring the rate of clearance of homo- and 
heterospecific proteins in the same animal, it was possible to 
measure the differential uptake of foreign colloid. Under 
conditions in which the differential response was both dose 
and temperature independent, differences in the rate of clearance 
of heterospecific proteins were attributed to structural 
heterogeneity among the molecules concerned. By employing 
purified haemocyanins, it was shown that Liolophura phagocytes 
could recognize different grades of foreignness, and could 
detect subtle differences in structure whose magnitude was on 
a par with those detectable by vertebrate-based serological 
techniques. In general, proteins which are structurally 
dissimilar to "self" protein were eliminated more rapidly than 
those which are related to "self". 
In an attempt to analyse the mechanism responsible 
for the differential recognition of foreign protein, it was 
shown that at least two independent recognition mechanisms 
exist. These were distinguishable on the basis of their 
differing specificity for heterospecific (PoneropZax ) haemo-
cyanin, and for HSA. However, the recognition unit responsible 
for the identification of HSA cannot distinguish between HSA 
and BSA. On the evidence presented, it was not possible to 
determine whether recognition was achieved via a humeral 
(opsonic) factor, or via a membrane bound "receptor" 
associated with phagocytic cells. 
